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Abstract 
The production of nanotechnology based products is increasing, along with the conscience of the possible harmful effects of some 
nanomaterials.  Along with technological advances, there is the need to improve knowledge of safety and health and apply that knowledge 
to the workplace. The “safety-by-design” approaches are attracting attention as helpful tools to develop safer products and production 
processes. The Systematic Design Analysis Approach could help to identify the solutions to control workplace risks by defining the 
emission and exposure scenarios and the possible barriers to interrupt them. When managing risks during a photocatalytic ceramic tiles 
development project, it was possible to identify relevant nanoparticles emission scenarios and related barriers. Possible ways to reduce 
them could then be defined, which would in turn, lead to an inherently safer production process. 

Keywords: photocalytic ceramic tiles; risk assessment; systematic design analysis; inherently safer process. 

Gestión de riesgos de exposición ocupacional a las nanopartículas en 
un proyecto en desarrollo: Estudio de caso 

Resumen 
La producción de productos basados en la nanotecnología va en aumento, junto con la conciencia de los posibles efectos nocivos de algunos 
nanomateriales. Junto con los avances tecnológicos, existe la necesidad de mejorar el conocimiento de la seguridad y salud y aplicar ese 
conocimiento en los entornos laborales. La enfoques "Safety-by-design” están atrayendo la atención como herramientas útiles para 
desarrollar productos y procesos de producción más seguros. El enfoque de Análisis Sistemática de Diseño podría ayudar a identificar las 
soluciones para el control de los riesgos laborales mediante la definición de los escenarios de emisiones y de exposición y los posibles 
obstáculos a interrumpirlos. Cuando la gestión de riesgos durante un proyecto de desarrollo de las azulejos cerámicos fotocatalíticos, fue 
posible identificar escenarios de emisiones de las nanopartículas relevantes y las barreras relacionadas. Así, las posibles formas de 
reducirlos podrían ser definidas, lo que, a su vez, pueden dar lugar a un proceso de producción inherentemente más seguro. 

Palabras clave: azulejos cerámicos fotocatalíticos; evaluación de riesgos; análisis sistemática de diseño; proceso inherentemente más 
seguro. 

1. Introduction

Photocatalytic ceramic tiles containing nano-sized
titanium dioxide (TiO2) have self-cleaning characteristics 
and are also able to transform some air pollutants like 
nitrogen oxides, contribute to a cleaner ambient air, and 

How to cite: Silva, F., Arezes, P. and Swuste, P., Risk management of occupational exposure to nanoparticles during a development project: A case study. DYNA 83(197), pp. 9-16, 2016. 

reveal anti-bacterial properties [1]. 
In general, the in-vitro and in-vivo tests done with both 

fine (particles with nominal diameter > 100 nm) and ultrafine 
TiO2 particles (with nominal diameter <100 nm, also called 
nanoparticles or nano-sized particles), have potentially 
harmful health effects in humans. TiO2 nanoparticles induce 
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inflammatory responses in the lung tissue, particularly in 
high doses [2]. The International Agency for Research on 
Cancer (IARC) classified TiO2 as “possibly carcinogenic to 
humans”: a carcinogenic Group 2B substance [3]. In a review 
on the animal and human data relevant to assessing the 
carcinogenicity of TiO2, published in 2011, the National 
Institute for Safety and Health (NIOSH), concluded that 
exposure to ultrafine (or nano) TiO2 should be considered a 
potential occupational carcinogenic agent, and recommended 
an airborne exposure limit of 2.4 mg/m3 for fine TiO2 and 0.3 
mg/m3 for ultrafine (including engineered nanoscale) TiO2 
[4].  

Some authors have been defending the need for 
methodologies that address the risks related to 
nanotechnologies, based on the processes or product design 
[5-7].  One approach cited in the literature is the “Design for 
Safer Nanotechnology” proposed by Morose [8] in which the 
author suggests an intervention during the design stage for 
nano-objects and products that incorporate them. Schulte et 
al. [5] also mention the Prevention through Design (PtD) 
initiative as a valuable methodology to manage occupational 
risks. Swuste and Zalk [9] also propose the use of design 
analysis to achieve safer production processes in the 
nanotechnology field. 

The aim of this paper is to present the work that is carried 
out to establish a safer production process resulting from a 
development project. The underlying research questions are: 
 Does a design approach to the production line of 

photocatalytic ceramic tiles generate relevant emission 
scenarios and related barriers? 

 What are the possibilities of the Systematic Design 
Analysis Approach (SYDAPP) reducing emission 
scenarios during the production of photocatalytic ceramic 
tiles? 

 Could managing risks during the development phase of a 
new production process help to define safer processes? 
 

2.  Methodology 
 

2.1.  Framework 
 
The work presented in this paper was performed during a 

photocatalytic ceramic tiles development project, using TiO2 
(anatase) and employing a common ceramics production 
processes. It was part of a SELFCLEAN funded research 
project.  

The project lasted for approximately two years, from the 
first exploratory tests to the final product prototype. The OSH 
intervention, including the work described in this paper, 
lasted six-months, plus another two months to produce the 
OSH issues report. 

The project team included several materials science 
researchers and engineers from a university, a technological 
institute and a ceramic tile company, and one occupational 
safety and hygiene (OSH) practitioner.  

Discussions on the health and safety aspects for the 
project were held on an interdisciplinary knowledge basis. 
These discussions were complemented by observation and 
information collection during laboratory sessions and semi-
industrial tests that were performed during the project.  

OSH issues were included in the agenda of three of the 
project’s plenary meetings. For approximately 45 minutes in 
each of the meetings, the SYDAPP was presented and the 
team members had the opportunity to contribute their inputs 
to the process design analysis and related emission and 
exposure scenarios. The group discussions gathered 
contributions, particularly from the design analysis, the 
identification of emission and exposure scenarios and the 
possible barriers. The experts proposed alternative 
production principles and forms, including their feasibility 
evaluation, which helped to identify their impact on the 
possible scenarios. In parallel, several face-to-face informal 
meetings were held by the OSH practitioner with the other 
members of the group, including the ceramic company 
engineer and the university researchers, in order to refine 
knowledge on different options and confirm information 
collected during the meetings and project tests. Finally, the 
OSH practitioner, based on the collected information, 
produced a report for the project manager. 

 
2.2.  Systematic design analysis approach 

 
Although occupational safety and hygiene research pays 

more attention to risk analysis [10], several authors in this 
domain have undertaken research in the safety by design 
field, especially the Safety Science Group from Delft 
University of Technology [11–13]. Swuste [10], for example, 
proposed a systematic approach towards solutions based on 
three complementary elements: 
 A hazard process model; 
 Design analysis; 
 A problem-solving cycle. 

The two first elements are the basis for the SYDAPP. 
Combining the process design analysis with the emission and 
exposure scenarios, it is possible to acquire a clear vision of 
how the different process operations will affect a worker’s 
exposure. 

 
2.3.  Hazard process model - Bow-tie 

 
The bow-tie model is used in the safety science field as a 

tool to prevent the occurrence of accidents [14]. Its 
adaptation to the occupational hygiene field (see Fig. 1) helps 
to establish the necessary barriers to control risks arising 
from different workplace exposure scenarios [15]. The use of 
the bow-tie model as a support tool to risk management is 
also referred to by Fleury et al. [7]. An example of the use of 
this model, defining exposure scenarios and evaluating the 
risks during the production of carbon nanotubes polymer 
composites is presented in another article [16]. 

The bow-tie model also stresses the importance of 
management as the entity responsible for implementing the 
barriers [17]. 

When the bow-tie model and the design analysis are 
performed together, it is possible to have a detailed vision of 
the production process and the occupational risks related with 
the production process. Emissions and, consequently, 
exposure are identified on a production form level. Thus, the 
options to reduce emissions and exposure are usually limited 
to LEV and personal protective equipment. As these controls  
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Figure 1. Bow-tie model with arrows representing different exposure 
scenarios. 
Source: The authors 

 
 

 
Figure 2. Design analysis hierarchy [10]. 
Source: The authors 

 
 

could become ineffective due to the high level of exposure, 
or their own characteristics, it is useful to act with production 
principles or production functions, which provide more 
operative controls. 

 
2.4.  Design analysis 

 
The design analysis methodology allows workplace 

conditions to be understood and studied. In design analysis, 
the production process is split into three decision levels (see 
Fig. 2), , described below [10]: 
 Production function: is the highest level and divides the 

production process into its core activities, similar to unit 
operations; 

 Production principle: identifies the general process, 
motives, power, and operational control methods by 
which the production function can be achieved; 

 Production form: is the lowest level and specifies the 
detailed design by which the production principle will be 
accomplished. 
If there are a large number of production processes, the 

type of functions (or unit operations in rigor) in which each 
process can be broke down is relatively small. The main unit 

operations categories are: material reception, material 
storage, transport and feed, processing, packaging, and waste 
disposal. The processing operations can be subdivided in 
subcategories that vary from one industry sector to other. 
When they are enumerated, they will allow the more effective 
and reasonable control measure or set of control measures to 
be applied in each particular situation to be studied. Some 
examples of processing production functions or unit 
operations in the ceramic tiles industry are milling, 
conformation, drying, glazing, firing and sorting, etc. 

At the production principle level, it is possible to choose 
the type of process to achieve the function (eg., different 
shaping processes), the motive power (ex. electricity or fossil 
combustible), and the mode of operation (eg., manual 
operation, mechanical or automatic). There are hundreds of 
different production principles to undertake unit operations. 

At the production form level the machine, the equipment, 
or set of equipment that will be used in the process is defined 
(e.g., the hydraulic press type, if shaping by press is the 
principle used to achieve the unit operation “conformation”). 
It is also at this level that the exposure controls are defined 
(e.g., a local exhaust ventilation (LEV) or a closed cabin). 

From an occupational safety & health point of view, the 
focus on the production functions and principles will allow 
the less hazardous way to achieve the same production result 
to be found, the best available techniques to control the 
hazard can be chosen. 

 
2.5.  Risk and exposure assessment 

 
In order to undertake risk assessment, a control banding 

based method was used: the CB Nanotool, which is a four by 
four matrix that relates severity parameters on one-axis and 
probability parameters on the other. The severity parameters 
consider physicochemical and toxicological properties of 
both nanomaterial and parent material, including, surface 
reactivity, particle shape and diameter, solubility, 
carcinogenicity and mutagenicity. The probability band 
scores are based on factors affecting the potential exposure 
to the nanomaterial, namely, the estimated amount of 
chemical used in one day, dustiness, number of employees 
with similar exposure, frequency of operation and operation 
duration. The obtained control bands by risk level can be 
classified in RL1 – general ventilation, to RL4 – seek 
specialist advice [18]. 

For exposure assessment, the usual occupational hygiene 
method was used, namely the NIOSH 0500 for total dust 
[19]. This consists of collecting the airborne particles in one 
filter through filtering workplace air. The samples were 
personal, thus the filter support was placed in the worker’s 
breathing area.  

 
3.  Results and discussion 

 
3.1.  Production process and the design analysis 

 
After the preliminary tests, the planned photocatalytic 

ceramic tiles production process was defined and the use of 
already existing equipment in the ceramic production plant was 
proposed. Then, the first step was to detail the production 
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process, dividing its functions, principles and forms (see Table 
1). This work was performed during the project meetings, by 
getting contributions from all the project’s team members. 

The production process is similar to the usual ceramic 
tiles production process. The most relevant unit operations in 
the process are those related to the processing of raw 
materials and surface coating. 

During a project meeting when contributions from team 
members were obtained, it was possible to define alternative 
production principles and forms for the production process. 
The possible options were the automation of the sack 
emptying operation, ultrasound agitation for raw materials 
mixing, and a few non-spraying techniques to apply the TiO2 

aqueous suspension in the ceramic tiles (ex. roll printing, 
serigraphy or ink-jet). This information is presented in Table 2. 

Beside the possible changes in the process itself, other 
possible action that has a positive impact in the emission and 
exposure scenarios, contemplated during the design analysis 
group discussions, was the acquisition of pre-prepared slurry. 
This would eliminate several unit operations, as the product 
would arrive at the facilities in liquid form. In particular, 
pouring raw materials (sack emptying) will be eliminated, 
which is a dusty operation in the production process. 

Considering the bow-tie model together with the design 
analysis, it was possible to identify the emission scenarios 
and the barriers for each production function, and related 
principles and forms. The scenarios and barriers are defined 
for the normal functioning situations, process disturbances, 
facilities cleaning and equipment maintenance (Table 2). The 
identification of the possible emission scenarios and emission 
barriers was based on the knowledge of the processes and 
related engineering risk control measures.  

It is possible to see that changing the production principle 
in the pouring raw materials function from the manual 
operation to the automatic operation will make it possible to 
introduce a barrier, a closed cabinet with LEV, in the 
emission scenario. Moreover, considering the acquisition of 
pre-prepared slurry, the emission scenario is eliminated. 

Comparing the possible production principles for the 
surface coating, once again it is possible to eliminate the dust 
release emission scenario by choosing a non-spraying 
technique instead of the air-less spraying (or another spraying 
technique) to apply the TiO2 on the ceramic tile surface. 

 
3.2.  Pilot-test 

 
During the project, a pilot-test was performed, allowing 

part of the production process operations and tasks to be 
simulated. Previous to pouring raw materials, one additional 
operation was considered, weighing TiO2. To undertake a 
risk assessment, 4 different tasks where considered: Task 1- 
Titanium dioxide weighing; Task 2- Pouring titanium 
dioxide; Task 3- Mixing slurry; Task 4- Surface coating. 

Another relevant question was the use of fine TiO2, 
instead of nano-sized form, which resulted from the fact that 
the photocatalytic properties were optimized with that 
material. 

The risk assessment of the unit operations was performed 
with the CB Nanotool, which considered the possible use of 
nano-sized TiO2. The severity factors are presented in Table 3. 

Table 1. 
Production functions, production principles and production forms for the 
photocatalytic ceramic tiles production process 

Production 
Function 

Production 
Principle 

Production 
Form 

Description 

Reception 
of raw 
materials 

Mechanical, 
discontinuous 
transport 

Palletized 
bags, 
forklift 

The nano-TiO2 is 
received in paper bags, 
which are packed in 
wood pallets. The 
pallets are handled 
with a forklift and/or 
an electric pallet-truck. 

Storage of 
raw 
materials 

Mechanical, 
discontinuous 
transport 

Palletized 
bags, 
forklift 

Transport 
of raw 
materials 

Mechanical, 
discontinuous 
transport 

Palletized 
bags, 
forklift 

Pouring 
raw 
materials 
(sack 
emptying) 

Manual 
operation 

Emptying 
bags to a 
container 

The TiO2 powder is 
poured into water and 
is dispersed in the 
liquid with a column 
stirrer to obtain 
homogenized slurry.  
When the suspension 
is homogeneous it is 
milled in a micro-balls 
mill in order to de-
aggregate. Finally, the 
slurry is sieved. 

Mixing raw 
materials  

Mechanical 
stirring 

Column 
stirrer and 
micro-ball 
mill, 
container 

Surface 
coating 

Spraying, 
automatic 

Air-less 
spraying, 
booth 
disk 
glazing, 
booth 
spray-gun, 
booth 

The slurry is applied in 
the already fired 
ceramic pieces by 
spray technic. 

Transport 
of materials 

Mechanical, 
automatic 

Parallel belt 
line, 
ceramic 
tiles 
loading and 
unloading 
machines, 
storage 
boxes 

The coated tiles are 
transported over two 
parallel trapezoidal 
belts on the glazing 
line. At the end of the 
line the tiles are loaded 
on a “ceramic tiles 
box” for storage before 
firing. At the kiln, the 
tiles are unloaded from 
the box and 
transported to the kiln 
entrance over parallel 
trapezoidal belts 
and/or roller conveyor. 

Processing 
- firing 

Thermal, 
automatic 

Roll kiln 

After the coating, the 
pieces are fired (2nd 
fire) at a temperature 
of around  
950 ºC in a continuous 
roll kiln. 

Sorting 

Manual, 
mechanical 
automatic 
transport 

Ceramic 
tiles sorting 
line 

The fired pieces are 
sorted (defects on the 
surface and body of 
the pieces are checked 
for) and packed in 
cardboard boxes. Packaging 

Mechanical, 
automatic 

Ceramic 
tiles 
packaging 
line 

Source: The authors 
 
 
In Table 4 presents the exposure factors considered for 

the different tasks assessed. 
Table 5 presents the CB Nanotool assessment results are. 
 



Silva et al / DYNA 83 (197), pp. 9-16. June, 2016. 

13 

 
Table 2. 
Emission scenarios and related barriers related to possible options for the production principle 

Production 
function 

Production 
principle 

Normally functioning Process disturbances Cleaning Maintenance 
Emission 
scenario 

Emission 
barrier 

Emission 
scenario 

Emission 
barrier 

Emission 
scenario 

Emission 
barrier 

Emission 
scenario 

Emission 
barrier 

Raw 
materials 
reception, 
storing and 
transport 

Mechanical, 
discontinuous 
transport 

  

Damaged 
bags, 
powder 
spills 

Metal 
containers 

Cleaning 
powder 
spills 

Vacuum-
cleaner 

  

Pouring 
raw 
materials 

Manual 
operation 

Dust 
release 

 
Powder 
spills 

 
Cleaning 
powder 
spills 

 
Intervention 
for dirty 
equipment 

 

Automatic 
process 

Dust 
release 

Closed 
cabinet 

Powder 
spills 

Closed 
cabinet 

Cleaning 
powder 
spills 

Vacuum-
cleaner 

Intervention 
for dirty 
equipment 

 

Pre-prepared slurry   
Slurry 
spills 

Closed 
containers 

Cleaning 
dried slurry 
spills 

   

Mixing raw 
materials 

Mechanical 
stirring 

  
Slurry 
spills 

 
Cleaning 
dried slurry 
spills 

 
Intervention 
for dirty 
equipment 

 

Ultrasound 
agitation 

  
Slurry 
spills 

 
Cleaning 
dried slurry 
spills 

 
Intervention 
for dirty 
equipment 

 

Surface 
coating 

Spraying, 
automatic 

Spraying 
(aerosol 
release) 

Closed 
cabin with 
LEV 

Slurry 
spills, spray 
gun clog 

 
Cleaning 
dried spills 

 
Intervention 
for dirty 
equipment 

 

All non-
spraying 
technics, 
automatic 

  
Slurry 
spills 

 
Cleaning 
dried spills 

 
Intervention 
for dirty 
equipment 

 

Material 
transport 

Mechanical, 
automatic 

  

Tiles jam in 
line or 
loading 
/unloading 
machines 

 
Removing 
jammed 
material 

   

Source: The authors 
 
 

Table 3. 
CB Nanotool Severity band factors 

Hazard Factor Answer 
Parent material hazard 

OEL (µg/m3) 2400 
carcinogen? yes 
reproductive hazard? no 
mutagen? no 
dermal hazard? no 
asthmagen? no 

Nanoscale material hazard 
Surface reactivity unknown 
Particle shape spherical 
Particle diameter (nm) >40 
Solubility insoluble 
carcinogen? yes 
reproductive hazard? unknown 
mutagen? unknown 
dermal hazard? unknown 
asthmagen? no 

Source: The authors 
 
 
During the pilot-test, the airborne particles concentration 

was measured using the NIOSH 0500 method in order to 
have a perception of the worker’s exposure to TiO2 particles 
during operations. Considering task durations and the 
workers present in the workplace, it was decided to sample 

during the TiO2 aqueous suspension, including weighing raw 
materials, pouring raw materials and mixing, and performing 
two personal samplings on both the workers operating the 
glazing line (surface coating and transport of materials). 
Table 6 presents the results of airborne sampling. 

The sampling time corresponds to the whole working 
time. In the first attempt to produce the ceramic tiles, several 
disturbances occurred and the results should be considered to 
only represent the conditions of the test. They could not be 
considered as representing future exposure during industrial  

 
Table 4. 
CB Nanotool probability band factors 

Probability factor 
Answer 

Task 1 Task 2 Task 3 Task 4 
Estimated amount of 
chemical used in one day 
(mg) 

106 106 106 106 

Dustiness Medium High Low High 
Number of Employees with 
Similar Exposure 

1 - 5 1 - 5 1 - 5 1 - 5 

Frequency of Operation 
(annual) 

Monthly Monthly Monthly Monthly 

Operation Duration (hours 
per shift) 

< 30 
min 

< 30 
min 

< 30 
min 

1 -4 h 

Source: The authors 
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Table 5. 
Pilot-test risk assessment using CB Nanotool 

Task 
Severity 

band 
Probability 

band 
Overall 

risk band 
Control 
required 

1- Titanium 
dioxide 
weighing 

Medium Less Likely RL1 
General 
ventilation 

2- Pouring 
titanium 
dioxide 

Medium Likely RL2 
Fume hood or 
local exhaust 
ventilation 

3- Mixing 
slurry 

Medium Less Likely RL1 
General 
ventilation 

4- Surface 
coating 

Medium Likely RL2 
Fume hood or 
local exhaust 
ventilation 

Source: The authors 
 
 

Table 6. 
Airborne particles concentration during pilot-test tasks 

Tasks 
Sampling 
time (min) 

Concentration 
(mg/m3) 

Worker during raw material 
weighing and  slurry preparation 

33 1.11 

Surface coating in glazing line – 
Worker 1 

160 0.9 

Surface coating in glazing line – 
Worker 2 

150 1.5 

Source: The authors 
 
 

production of this type of ceramic tiles, but they could give a 
rough estimation. 

 
3.3.  Discussion 

 
The SYDAPP creates a cooperative environment between 

process engineers, safety practitioners and other people 
involved in the development of the process, and facilitating the 
communication and understanding inside the multidisciplinary 
team. With this approach it is possible to truly involve the 
designers and engineers in the occupational risk management. 

The production functions and production principles are 
crucial to design solutions since emissions are directly related 
to the production functions applied. These functions will 
limit the number of possible principles, and consequently the 
number of forms. The actual emission that results in exposure 
always becomes visible in the production form. Conventional 
occupational hygiene control measures, such as LEV, 
enclosure, etc. will act on the production form level. 

However, when the emission (and the related exposure) 
is too excessive, or the contaminants are too dangerous, 
(re)design approaches will be the only option left to reduce 
or eliminate emissions (apart from cancelling the whole 
production). (Re) design consists of changing production-
principles under an unchanged production function, or 
changing or eliminating production functions. This last 
option is very effective, because the corresponding principles 
and forms will also be eliminated. Using pre-mixed slurries 
instead of mixing powdered raw materials is an example in 
which all functions related to raw materials processing are 

                                                      
1 Result below quantification limit. The uncertainty is higher compared with 
the other results. 

eliminated. When a company introduces these changes, it is 
substantially reducing the sources of emission and exposure 
at the initial phase of the production process. Obviously, 
other companies will need to perform these production-
functions, but when volumes are big enough, these firms can 
also modify their production methods, for example, by 
changing their mode of operation from manual to automatic. 

Accordingly, the use of the supply chain with OSH 
purposes is one question raised by the SYDAPP. The design 
analysis performed along the supply-chain helps to identify 
opportunities to transfer higher risk operations to facilities 
that are prepared to address it. This allows others to focus on 
the core process operations, which will ultimately result in 
safer workplaces, by implementing cost-effective solutions. 
This approach is only acceptable if the risks are transferred 
to adequate facilities, not to less controlled subcontractors. 

Both the CB Nanotool risk assessment and the airborne 
particles sampling pointed to potential risk to workers during 
the pilot-test, considering the possible use of nano-sized 
TiO2. It is clear that the pilot-test conditions do not exactly 
replicate the future production conditions but could help to 
better understand the main emission and exposure scenarios. 
By replacing nano-TiO2 by fine-TiO2 it is possible to reduce 
the risk for workers. Based on the existing knowledge of the 
TiO2 toxicological properties, it is clear that its nano form is 
more hazardous than the fine-TiO2 [4]. Furthermore, the 
toxicological assays performed with nano-TiO2 reveal 
potential effects to health resulting from the possible 
translocation of the nanoparticles in the human body and also 
from the capability of cell internalization. Considering the 
bow-tie model, acting on the hazard itself is an advantageous 
strategy to deal with the workplace risks as this takes place 
prior to the emission and, of course, the worker’s exposure. 
The results obtained from the airborne particles sampling 
during the pilot-test show that the exposure to TiO2 airborne 
particles is below the proposed limit value of 2.4 mg/m3, even 
when considering that all the airborne particles were TiO2. 

In the tests performed during the Selfclean Project, the 
medium size TiO2 particles was in the 150-200 nm range, 
while the nano-sized TiO2 particles have diameters below 
100 nm. According, to the International Commission on 
Radiological Protection’s (ICRP) respiratory tract deposition 
model for particles, quoted by the International Organization for 
Standardization, it is evident that the probability of the particles 
with sizes from 150 nm to 200 nm depositing in all respiratory 
tracts is lower than particles smaller than 100 nm [20].  

Considering the lack of knowledge and the potential for 
harm of the different types of nano-objects, and the 
uncertainties related to risk and exposure assessment [21], the 
safety-by-design approaches become relevant. What has 
previously been learnt from the safety science field could help 
by defining ways to deal with potentially high-risk production 
processes. The inherently safer process concept developed in 
the late 1970’s, which focuses on the avoidance or reduction 
of the hazard at source [22,23] is adaptable to the 
nanotechnologies field. The SYDAPP allows the project team 
to identify the unit operations with a lower emission potential.  
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4.  Conclusions 
 
The use of the SYDAPP helps to find solutions to reduce 

the workers’ exposure during their work with engineered 
nano-objects. As shown in the case presented in this model, 
it seems that there is an advantage to be had in applying it in 
a development project, or in other words, during the project 
phase and before the final process design is set.  

With this approach, it was possible to generate emission 
scenarios resulting from the photocatalytic ceramic tiles 
production process operations. The bow-tie was a helpful 
concept model to achieve this.  

Following identification of the emission scenarios, it was 
also possible to define emission reduction barriers. In the 
particular case of the production of photocatalytic ceramic 
tiles, it was possible to identify opportunities to reduce 
nanoparticle emission. 

Risk management during the project phase allows safer 
production processes, changing materials, methods or 
equipment to be developed, the result being an inherently 
safer production process. 
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Abstract 
Work-related musculoskeletal disorders (WRMSDs) develop gradually and result from professional risk factors such as the repetition of 
tasks, emotional overburden, inadequate posture, excessive strain, and individual and organizational/psychosocial risks. The aim of this 
study was to identify prevalence and symptomatology of musculoskeletal problems reported by home care service workers caring for the 
elderly. The Nordic Musculoskeletal Questionnaire was used for the purpose. The sample contained 86 workers. The results show a high 
prevalence of musculoskeletal symptoms in different anatomical areas, affecting in particular the upper limbs and the lumbar, dorsal and 
cervical areas. There are also some important associations between the dorsal area and the lifting of patients weighing above 90 kg. It may 
be concluded that these workers run a considerable risk of acquiring musculoskeletal injuries as a result of their working conditions and 
from the ways in which their activities are currently performed. 
 
Keywords: work-related musculoskeletal disorders; prevalence; symptomatology; home care services 

 
 

Prevalencia y sintomatología músculo-esquelética auto-referida por 
los trabajadores del servicio de apoyo domiciliario en la prestación 

de atención a personas mayores 
 

Resumen 
Las lesiones músculo-esqueléticas relacionadas con el trabajo se desarrollan gradualmente y resultan de los factores de riesgo profesionales 
como la repetitividad de las tareas, sobrecarga emocional, postura inadecuada, aplicación de fuerza excesiva y de factores de riesgo 
individual y organizacionales/psicosociales.  El objetivo de este estudio es identificar la prevalencia y sintomatología músculo-esquelética 
auto-referida por los trabajadores del servicio de apoyo domiciliario en la prestación de atención a personas mayores a través de una 
adaptación del Cuestionario Nórdico Músculo-esquelético. La muestra fue constituida por 86 trabajadores. Los resultados evidencian una 
prevalencia elevada de síntomas músculo-esqueléticos en diferentes zonas anatómicas, alcanzando en particular los miembros superiores, 
zona lumbar, zona dorsal y la zona cervical. También se encuentran asociaciones significativas entre la zona dorsal y levantar utentes con 
pesos superiores a 90 Kg. Podemos concluir que estos trabajadores tienen un considerable riesgo de adquirir lesiones músculo-esqueléticas 
resultantes de las condiciones de trabajo y de la organización en la que se lleva a cabo la actividad. 
 
Palabras Clave: lesiones músculo-esqueléticas relacionadas con el trabajo; prevalencia; sintomatología; atención en domicilio 

 
 
 

1.  Introduction 
 
The symptoms of work-related musculoskeletal disorders 

(WRMSDs) include chronic pain that can affect one or more 
body area during an activity [1]. WRMSDs are the 

                                                      
How to cite: Chagas, D., Prevalence and symptomatology of musculoskeletal problems reported by home care service workers caring for the elderly. DYNA 83(197), pp. 17-21, 2016. 

commonest occupational pathologies in the European Union 
(EU), affecting workers in all sectors.  

In Portugal, the body responsible for health care, the 
Direcção-Geral da Saúde, reports that these injuries are the 
result of high risk occupational actions, such as repetition, 
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overload and posture. They are chronic pain syndromes that 
occur while certain activities are performed, and are therefore 
designated “work-related” [1]. 

WRMSDs are extremely significant in the EU, as they 
affect more than 40 million workers and are responsible for 
around 50% of sick leave for periods of three or more days 
and 60% of cases of permanent incapacity for work [2]. 

The body areas most affected by WRMSDs are the lumbar 
region, neck, shoulder, arm and hand, although recently, the 
lower limbs have also received some attention [3]. 

The rate of disorders for workers providing direct care 
services to the elderly is 61%. They are caused by excess 
effort [4] and by daily tasks, including helping in personal 
hygiene tasks, changing clothing and bed linen, moving 
elderly clients, etc. [5]. These tasks carry a high risk of 
causing musculoskeletal WRMSDs whose development is 
exacerbated physically and biomechanically (repetition of 
movements, inadequate posture and excess effort), 
organizational and psychosocial factors (demanding work, 
repetitive movements, lack of support) as well as individual 
and personal factors (previous medical history, physical 
abilities, age and obesity) [6]. 

The continuous lifting of weights, the movement of heavy 
items (as most clients are dependent), as well as the imposed 
adoption of incorrect postures are all hazards that are  present in 
the daily lives of workers, which lead to the appearance of  critical 
and sometimes chronic injuries [7]. In order to be able to respond 
to the demanding tasks asked of them, workers frequently adopt 
incorrect postures an aspect that is exacerbated by conditions that 
are not suitable for the use of available equipment, given the 
anthropometric status of the workers [8]. 

WRMSDs develop, and are further aggravated, by the way 
daily tasks are organized and by psychosocial risk factors [9]. 

Physical and psychosocial factors are generally identified 
by studies undertaken to determine the risk factors for 
WRMSDs, allowing the relationship between them and of 
symptoms and/or illnesses to be analyzed [10]. 

A study undertaken by the European Survey on Working 
Conditions (2005), cited by the European Agency for Safety 
and Health at Work, identifies standing postures or 
uncomfortable positions, repetitive work and the manual 
handling of loads as the most significant risk factors facing 
workers [11]. The expression “risk factor” generally refers to 
any attribute, experience or behavior that increases the 
likelihood of developing a disease or disorder. 

Musculoskeletal disorders manifest themselves clinically 
in many different ways that frequently are not considered. 
They often comprise an ample set of signs and symptoms, 
from simple localized fatigue to intense pain, passing through 
situations of discomfort and mild pain [12]. 

We may assert that WRMSDs that have developed or that 
worsen in the workplace, as a result of continued exposure to 
risk factors - in particular, inadequate posture, repetitive 
movements, overload, excessive effort and so on, all of which 
affect different anatomical regions. 

 
2.  Methodology 

 
The sample consisted of employees of a home care 

service that provides care for the elderly in various 

institutions of the central region of Portugal. In total, 90 
survey questionnaires were distributed to workers from 
various institutions and 86 were returned in all, which 
constituted the final sample. 

A statistical analysis was conducted using IBM® SPSS® 
Statistics 21.0 software. This took into account the nature of 
the variables involved in the study, based on a previous 
exploratory and analytical study of the data, and using the 
most appropriate statistical techniques. 

First, the descriptive statistical analysis (mean, standard 
deviation, simple frequency, percentage) will be described, 
before turning to look at the relationship between the 
principal variables, symptom recognition and other elements 
that contribute to the presence of grievances using the Chi-
Square statistic. The significance level assumed in the 
statistical test was p<0.05. 

The questionnaire was adapted from the Nordic 
Musculoskeletal Questionnaire developed by Kuorinka et al. 
(1987),using a version adapted by Uva and Serranheira [13], to 
which several questions related to home care service and caring for 
the elderly were added. The delivery and collection of information 
using the questionnaire was conducted during July 2014.  

The questionnaire was divided into two parts. The first was 
intended to identify the main socio-demographic and 
professional characteristics of each worker. Among other things 
it requested data on age, gender, anthropometrics and other 
elements related to the organization of tasks performed by the 
worker. It also included information on the type and 
characteristics of work-related complaints and musculoskeletal 
symptoms of respondents. Complaints referred to nine body 
regions (neck, shoulders, dorsal region, elbows, lower back, 
wrists/hands, thighs, knees and ankles/feet) which were chosen 
to assess respondents’ self-reported pain/discomfort experienced 
over the previous 12 months and during the last seven days, and 
to ascertain whether, during this period of time, they had had to 
take time off from work. Each question had a diagram showing 
the body location to be evaluated.  

Employee self-assessment was based on a scale that was 
used to register the intensity of pain, discomfort, swelling and 
fatigue. The scale had four levels: 1 = Light, 2 = Moderate, 3 
= Intense, 4 = very intense. A four-level scale was also used 
to record the frequency of complaints and symptoms: 1= 
Once a year; 2 = Twice or three times a year; 3 = Four to six 
times a year; and 4 = More than six times a year.  To classify 
the workplace activities that were associated with symptoms 
and complaints a scale similar to a four point Likert scale was 
used, where: 1 = Not related to symptoms; 2 = Minor relation 
to symptoms; 3 = Strong relation to symptoms; 4 = 
Completely related to symptoms. When respondents did not 
know how to answer they could opt for choice 8 = “Don’t 
know”, and if they did not wish to respond at all, then option 
9 = “I do not wish to answer” was available. 

The second part of the questionnaire was intended to 
identify aspects considered relevant to the health of the works 
(psychosocial factors and auxiliary equipment used to 
increase client mobility). 

 
3.  Results 

 
The study surveyed 90 employees of the home care 
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service provider for the elderly. The response rate was 96%. 
In terms of demographic and anthropometric variables, all the 
respondents were female (100%). Ages ranged between 20 
and 60, though the largest cohort (accounting for 37.2% of 
the total sample) was aged between 41 and 50 years old. The 
most affected upper limb was the right arm (58.1%). Most 
individuals were married (61.6%) and the commonest 
education level was the 9th grade (59.3%). 

The average height of the respondents was 161cm, with a 
maximum height of 180 cm and a minimum of 149 cm 
(standard deviation 0.06075). The average weight of 
participants was 68.6 kg, with a maximum weight of 110 kg 
and a minimum of 45 kg (standard deviation 10.727 kg). The 
majority were right handed (58.1%), while 5.8% were left 
handed and 36.1% ambidextrous. 

It was found that the respondents work an average of 38.8 
hours a week, with a minimum of 35 hours and a maximum 
of 42 hours (standard deviation 1.45 hours).Average length 
of service was 8 years, with a minimum of one year and a 
maximum of 19 years (standard deviation 4.666 years). 
70.9% worked fixed hours, while 29.1% worked shifts. 

In terms of pain, discomfort, swelling and fatigue- it was 
found that the most affected areas during the previous 12 
months had been the lumbar region (86.0%), the dorsal area 
(82.6%), the neck (66.3%), the right shoulder (50.0%), the 
left shoulder (14.0%), the right wrist/hand  (45.3%) the left 
wrist/hand (5.8%), the right knee (30.2%), the left knee 
(5.8%), the right elbow (24.4%), the left elbow (1.2%), the 
right ankle/foot (19.8%), the left ankle/foot (7.0%), the right 
thigh (15.1%) and the left thigh (1.2%). 

During the previous seven days symptoms were felt as 
follows: the dorsal area(43.0%), the lower back (37.2%), the 
wrist/right and left hand (both 26.7%), the right and left shoulder 
(both 17.4%), the neck (16.3%), the ankle/right and left foot (both 
12.8%), the right and left knee (both 11.6%), the right and left 
elbow (both 8.1%) and the left and right thigh (7.0%).  

Values were also recorded relating to absence from work 
with the following symptoms, shoulders (8.1%), neck, lower 
back, ankles/feet (7.0%), dorsal area, wrist/hands (4.7%) and 
knees (1.2%). 

In terms of intensity of discomfort (pain, discomfort, 
swelling and fatigue) the highest level of discomfort recorded 
(30.2%:“very intense”) was reported for the lumbar area, 
against 24.4% for the dorsal area. The lumbar region (44.2%) 
and the dorsal area (34.9%) also scored highest for “intense”. 
A value of 20.9% was recorded for “moderate” discomfort in 
the neck and 4.7% of respondents recorded “light” levels for 
the dorsal area. 

Regarding frequency (number of times per year) 47.7% 
reported experiencing lumbar area pain/discomfort “more 
than six times” in the year, while 34.9% reported 
pain/discomfort “4-6 times”. 

In terms of the relationship between work activity and 
self-reported symptoms mentioned above, it was found that 
workers generally reported that activities such as lifting and 
moving clients weighing between 70 kg to 90 kg (and above) 
was “strongly related to symptoms”. They considered arm 
movements above shoulder height and repeated arm 
movements to be “completely related to symptoms”. 

87.2% of the sample said that they felt psychologically 

tired, in particular following the afternoon shift (75.6%). 
Respondents who reported feeling physical fatigue (95.3%), 
said they felt tired when a shift was over, in particular in the 
case of the afternoon shift (82.6%). 

Regarding the repetition of tasks, 95.3% considered the 
lifting of clients to be the task that is repeated most 
frequently, while 52.3% indicated that they had difficulty 
moving while performing certain tasks for the client. 
73.3%considered that bed height was not ideal. 

As for the height of the boards used in the bath tubs, 
62.8% answered "no" when asked if they were at a 
comfortable height, while 60.5% mentioned that they did not 
use specialized equipment to perform tasks, including the 
transport and movement of clients. 

 
3.1.  Statistical analysis of associations 

 
The significant statistical associations between the work 

activities of home care workers caring for the elderly and 
musculoskeletal complaints were evaluated using the 
Pearson correlation test. 

The strongest association between symptoms felt in the 
neck, was for the variable “arms above shoulder height” (r = 
0.432¸ p = 0.003). This was categorized as having a “Strong 
relation to the symptoms” and proved to be statistically 
significant. In the same anatomical area other variables were 
also considered significant, such as “body tilt” (r = 0.369; p 
= 0.003) and “body twist” (r = 0.395; p = 0.003). 

For the shoulder region “repetitive arm movement” (r = 
0.265; p = 0.000) and “arms above shoulder height” (r = 
0.354;   p = 0.000) were identified as contributing most to 
symptoms, being considered “highly related to the 
symptoms”. 

For the wrist/hand area “repetitive hand/finger 
movements” (r = 0.400; p = 0.003), were identified as the 
element that contributed most to complaints, being identified 
as “totally related to symptoms”. “Applying effort with hands 
and fingers” (r = 0.448; p = 0.000), was also regarded as 
“totally related to symptoms”. 

Within the dorsal column there were statistically 
significant connections between the variables “lifting clients 
weighing more than 90 kg” (r = 0.366; p = 0.000), which 
contributed most to the association, being considered “totally 
related to the symptoms”. In this anatomical area the variable 
“moving clients weighing between 70 and 90 kg” (r = 0.002; 
p = 0.000) was also considered significant. 

A statistically significant association was also found with 
the variable “length of time working for the institution” (r = 
0,868; p = 0,011) in which the element that contributed most 
to reported symptoms was seniority of service: on average 
around eight years. 

For the lumbar region, the variable “tilt the body” (r = 0.077; 
p = 0.000) was found to be statistically significant. There is a 
possibility of musculoskeletal injuries occurring in certain 
anatomical areas that related to different kinds of position or 
movement adopted in the course of the working day [14]. 

 
4.  Discussion 

 
The data presented here refers to a group of adult females, 
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most of whom have received the minimum level of education 
required by the law. 

The results for symptoms reported by workers during the 
previous 12 months were as follows: lower back (86.0%), 
dorsal areas (82.6%), neck (66.3%), shoulders (64.0%) and 
wrist/ hands (61.0%). Symptoms reported for the previous 12 
months were for the same body areas as those reported for 
the previous 7 days. 

The evidence suggests that the symptoms felt in the neck and 
shoulders were caused by the adoption of positions required by 
work activities carried out by the respondents. That is: cervical 
flexion and elevation of the upper limbs, often above shoulder 
height. It is important to note that these symptoms are related to 
the duration and the rhythm of work performed. 

As for work-related absence caused by WRMSDs, the 
commonest cause was pain/discomfort in the shoulder region 
(8.1%) and “very intense” pain in the lumbar region (30.2%). 

The prevention of occupational risk and the eradication of 
musculoskeletal disorders might lead to reduced levels of 
absence from work [15]. In this connection, the area that led 
to the greatest number of days off due to pain/discomfort was 
the lumbar area (47.7%) with “more than 6 times”.  

Most employees associated activities such as lifting and 
moving clients weighing between 70 kg to 90 kg and above, 
with the classification “completely related to symptoms”, 
demonstrating that they have to handle very heavy weights. 
Added to this, the majority (60.5%), mentioned not using 
proper equipment to perform tasks including when 
transporting or moving clients (Fig. 1). Respondents stated 
that, in general, clients to whom they provide home care 
assistance are dependent, and as a result are not in a position 
to help their carers when they are providing services. 

The use of excessive effort during frequent lifting, 
handling and moving of clients, incorrect posture and 
vertebral column crunches can cause health problems for 
workers, including fractures, back pain and varicose veins 
[8]. Such causal factors are related to ergonomic factors [16]. 

Respondents characterized arm activity above shoulder 
level and repetitive arm movements as having a “strong 
relation to symptoms”. 

The majority of employees (95.3%) considered that the 
lifting of clients is the most repetitive task, performed daily 
(Fig. 2). Usually, repetitive movements are principally 
associated with quick finger or upper limb movements [17]. 

The results of the survey showed that 52.3% of 
respondents encountered problems related to movement 
during the performance of the different tasks required to help 
their clients. This was because of the arrangement of 
furniture and the need to maneuver wheelchairs between 
beds, which need to be moved every time a task is required 
to be performed.  

It was also noted that 73.3% of respondents considered 
the height of beds not to be ideal, or noted that it was not 
possible to adjust bed height, a factor that contributes to the 
adoption of incorrect postures (Fig. 3). Other factors 
mentioned included that beds tend to be quite close to walls, 
with the result that workers do not have enough space to 
perform their tasks properly. In terms of the height of bath 
tub boards, 62.8% of respondents reported that, as they are 
not adjustable, a lot of additional effort is required when 

bathing clients. 
To tackle the problem of musculoskeletal disorders a 

scheme of risk prevention management should be integrated 
into organizational management systems [18]. 

87.2% of respondents said that they feel psychologically 
tired at the end of their shift - 75.6% referring specifically to 
the afternoon shift. The psychosocial risks faced by workers 
include the issue of becoming emotionally overburdened as a 
result of continual contact with the suffering of clients, with 
pain and death, shift work, the pace of work, the performance 
of multiple tasks and the scattered and repetitive nature of 
their tasks. These factors may lead to headaches, breathing 
problems, sleep disturbance, depression, anxiety, alcohol-use 
and isolation [19]. 

Regarding physical tiredness, 95.3% of respondents 
reported feeling tired at the end of their shift - 82.6%referring 
specifically to the afternoon shift. 

Several authors have argued that there is a strong link 
between psychosocial and physical factors associated with 
the job itself and to the development of WRMSDs [17]. 

 

 
Figure 1. Moving clients. 
Souce: the author. 

 
 

 
Figure 2. Lifting clients. 
Souce: the author. 
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Figure 3. Lifting clientsup. 
Souce: the author. 

 
 

5.  Conclusions 
 
This study aimed to identify the prevalence and 

symptoms of musculoskeletal disorders self-reported by 
workers and to determine whether or not there is a clear 
relationship between them and the work activity carried out. 

After analyzing the data, it is clear that the assessment of 
pain/discomfort levels originating from the musculoskeletal 
system is related to work and the conditions under which it is 
performed. There is a high prevalence of upper body disorders 
and a significant connection between musculoskeletal symptoms 
and working postures involving the raising of the arms above 
shoulder height and of lifting clients who weigh over 90 kg. This 
is because the moving of individuals is one of the most 
commonly performed tasks by employees. 

Auxiliary equipment should be used for handling and 
transporting clients and avoiding disorders, as many workers 
move heavy weights and have no concept of the maximum 
load that they should move or lift without help. 

It is of paramount importance that more rest breaks 
should be introduced during shifts, as workers experience an 
enormous feeling of both physical and psychological 
tiredness when these end, after which they are required to 
repeat tasks during their next shift. The level of physical 
effort, (muscle effort, posture, repetition, etc.) in which 
workers engage is largely determined by the degree of 
dependence of their clients, which, as it is high, may cause 
problems in the upper limbs and cervical area. 

The quality of life of workers is affected by their underlying 
performance, which is in turn related to their daily activities. 

Specific training programs on caring for the elderly 
should be organized. These would contribute to reducing 
exposure to occupational risk factors and changing the ways 
that work is performed, in order to allow workers in the sector 
to improve their understanding of the problem, and prevent 
future disorders. 
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Abstract 
The study of human body size and shape has been a topic of research for a very long time. In the past, anthropometry used traditional 
measuring techniques to record the dimensions of the human body and reported variance in body dimensions as a function of mean and 
standard deviation. Nowadays, the study of human body dimensions can be carried out more efficiently using three-dimensional body 
scanners, which can provide large amounts of anthropometric data more quickly than traditional techniques can. This paper presents a 
description of the broad range of issues related to the collection of anthropometric data using three-dimensional body scanners, including 
the different types of technologies available and their implications, the standard scanning process needed for effective data collection, and 
the possible sources of measurement errors that might affect the reliability and validity of the data collected. 
 
Keywords: anthropometry; body scanners; errors; reliability. 

 
 

Estado actual de la técnica y cuestiones perdurables en la recogida 
de datos antropométricos 

 
Resumen 
El estudio del tamaño y la forma del cuerpo humano ha sido un tema de investigación durante un tiempo muy largo. En el pasado, la 
antropometría utilizó técnicas de medición tradicionales para registrar las dimensiones del cuerpo humano y reportó la variación en las 
dimensiones del cuerpo en función de la media y la desviación estándar. Hoy en día, el estudio de las dimensiones del cuerpo humano se 
puede llevar a cabo utilizando maneras más eficientes, como los escáneres tridimensionales del cuerpo, que pueden proporcionar grandes 
cantidades de datos antropométricos más rápidamente que las técnicas tradicionales. En este trabajo se presenta una descripción de la 
amplia gama de temas relacionados con la recogida de datos antropométricos utilizando escáneres tridimensionales del cuerpo, incluyendo 
los diferentes tipos de tecnologías disponibles y sus implicaciones, el proceso de digitalización estándar necesario para la captura efectiva 
de datos, y las posibles fuentes de los errores de medición que podrán afectar la fiabilidad y validez de los datos recogidos. 
 
Palabras clave: la antropometría; escáneres corporales; errores; confiabilidad. 

 
 
 

1.  Introduction 
 
In traditional anthropometry the determination of human 

body dimensions can be achieved using a range of devices. 
Ever since Richer first used calipers in 1890, a standard set 
of anthropometric instruments has been used [1]. Simple, 
quick, relatively non-invasive tools include scales (to 
determine weight), measuring tapes (to measure 
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circumferences and linear body surface dimensions), 
anthropometers (to measure height and various transverse 
widths and depths of the body), spreading calipers (also to 
measure widths and depths of the body), sliding compasses 
(to measure short distances, e.g., on the nose, ears or hands), 
and head spanners (to measure the height of the head) [1]. All 
of these devices usually require calibration and the 
measurements taken are only as accurate as the techniques 
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used by the person who takes them. Therefore, it is generally 
necessary to take multiple measurements and to calculate 
average values. Additionally, there are typically differences 
between measurements taken by different people, although 
this can be reduced with consistent training.  

With these traditional methods of collecting 
anthropometric data, the measuring process is time-
consuming, expensive and error-prone. Moreover, traditional 
methods require the person being measured to adopt 
standardized postures that are prescribed when 
measurements are taken (and to maintain them during the 
measurement process). These standard measuring postures, 
defined in ISO 7250 [2], are based on the studies of several 
authors such as Kroemer and Kroemer [3], who explain the 
standard method of measuring a subject in detail. The 
primary measuring posture is referred to as the “anatomical 
position”, in which the participant’s body is placed in a 
defined, straight, upright posture, with the body segments at 
either 180, 0, or 90 degrees to each other. Participants are 
required to stand erect; heels together; buttocks, shoulder 
blades, and the back of head touching a vertical surface; arms 
vertical, fingers straight. The head is positioned in the 
Frankfurt plane; with the pupils on the same horizontal level; 
the right tragion and the lowest point of the right orbit are 
likewise aligned horizontally. When measurements are taken 
of a seated subject, the surfaces of the seat and the foot 
support must be arranged so that the thighs and feet are 
horizontal and the lower legs vertical. The measurements 
should be taken in the morning, because the human body 
tends to decrease in height during the day, and this practice 
can help remove one source of variation [4]. 

With the appearance of new ways of acquiring surface data, 
anthropometry has gained a new way of performing a deeper 
investigation of human body size and shape. These new digital 
shape analysis tools make it possible to acquire data on 
complex geometrical features, such as curvatures or partial 
volumes. Using these tools to acquire anthropometric data has 
the potential to be more practical, reliable, fast and -in 
comparison with traditional anthropometry- less expensive. 

The study of the human body as a 3D object using digital 
capture tools began in 1973 with a light sectioning technique 
proposed by Lovesey [5]. This was labor intensive, as the 
interpretation of data was extremely time consuming. That 
technology evolved into what is now known as a three-
dimensional body scanner. 

A whole body scanner is an optical 3D measuring system 
that produces a digital copy of the surface geometry of the 
human body [6]. In most cases, three-dimensional body 
scanners capture the visible surface of the body by using 
optical techniques, in combination with light sensitive 
devices, and do not require physical contact with the body. 
The subject being scanned usually wears form-fitting 
clothing during the process. Despite the fact that there is no 
need for the measurer to touch the participants’ body, there 
are still some privacy issues. On the one hand there is more 
privacy because the body is not touched but, on the other, the 
recognizable image-capture of the semi-nude body results in 
sensitive personal images and data that may be stored in 
insecure circumstances and can potentially be made available 
across the Internet [7]. Nevertheless, with recent advances in 

anthropometry and in digital human-shape reconstruction it 
is possible to provide a different perspective on the collection 
of anthropometric measurements. 

This paper presents an overview of how anthropometric 
data is collected using three-dimensional body scanners. The 
available types of technology are discussed and the standard 
processes used for scanning test participants are described. In 
addition, the main causes of error are identified, including 
some discussion of the landmarking issue. 

 
2.  Use of 3D body scanners for collecting anthropometric 

data 
 
One of the earliest 3D body scanning systems was the 

Loughborough Anthropometric Shadow Scanner (LASS), a 
shadow scanning method developed by Loughborough 
University in the UK [8]. This system was developed and used 
to digitize the human body, but the data had to be manipulated 
before body measurements could be derived from the scan. 
The original shadow data collection methods are different from 
other conventional structured lighting approaches since they 
require very little hardware other than a camera, a desk-lamp, 
a pencil and a checkerboard. LASS was an automated, 
computerized 3D measurement system based on triangulation, 
where the subjects stood on a rotating platform that was turned 
360º in measured angular increments. Brooke-Wavell et al. [9] 
compared anthropometric measurements taken using the LASS 
with measurements acquired using traditional anthropometry and 
concluded that the results were similar. For women, statistical 
differences were found between various measurements (neck and 
chest circumferences, waist width, depth and height), whilst for 
men a significant difference was only found in the case of 
measurements of waist depth. These variations were explained as 
being due to landmarking and to difficulties in making horizontal 
measurements with a tape measure. 

Body scanner hardware and software technologies have 
developed greatly since the early 1990s. Today, several 
alternative body scanning systems are available, using a 
variety of technologies. 

 
2.1.  Types of imaging techniques 

 
Currently, several types of imaging techniques are used 

to create full body images. These imaging technologies, 
include: (i) 2D silhouette images converted into 3D models, 
(ii) white light phase-based image capture, (iii) laser-based 
image capture, and (iv) radio wave linear array image capture 
[10-12].  More recently, systems have been developed that 
use infrared light sources. 

Body scanning systems normally consist of one or more 
light sources, one or more vision or capturing devices, soft-
ware, computer systems and monitor screens to visualize the 
data capture process [6]. The major scan technologies in use 
are those employing laser and non-laser light. According to 
Daanen & Ter Haar [13], in 2013 the various types of 
technology used in three-dimensional body scanners were: 
 Laser line systems: A laser line is projected onto the body 

from all sides and is viewed by cameras that are 
triangulated at a fixed angle. The advantage of a single 
line is that it is easily detected by the sensor which can 
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compute how the projected 2D line is deformed over the 
3D surface very accurately. The sequentially captured 3D 
lines (generally taken at 1 or 2 mm increments) are then 
merged to form the complete 3D image. 

 Structured light systems: A structured light system 
projects a structured light pattern onto the surface of the 
body from the front and from the back, and a full 3D 
image is calculated using the deformed pattern. The light 
pattern may consist of dots, bars, or any other pattern. The 
advantage of a structured light scanner is the speed with 
which it is capable of capturing data from the whole body. 
Structured light scanning is so fast that it can actually be 
used for 4D scanning: i.e. real time 3D scanning at 200 
Hz. This offers opportunities to couple the registration of 
movements with 3D shape analysis. 

 Multi-view camera system: A 3D image is acquired from 
two or more cameras. A stereo-camera records two 
images at the same time from a different viewpoint. From 
the content of the two images the depth to the body can 
be calculated and converted into a dense 3D image in real-
time. The advantage of a stereo-camera system is that no 
laser line or light pattern is transmitted, meaninng that 
environmental light cannot interfere with the pattern. 
However, using a laser line or patterns enables a higher 
resolution, more accurate, 3D image to be produced. 

 Millimeter waves: Both active and passive millimeter 
wave scanners are available. Active scanners use the 
reflection patterns of millimeter waves projected onto the 
body. Passive scanners process the millimeter waves that 
are emitted by the human skin. Millimeter waves offer the 
advantage that they pass through most clothing ensembles 
but not the skin. Thus, the shape of the body can be 
captured without the client being required to undress. 
This offers an advantage in terms of time and effort, but 
may introduce an ethical problem because the private 
parts of the subjects can be seen. Millimeter wave 
scanners are currently employed at airports for the 
detection of metal parts under garments and offer an 
alternative to low radiation x-ray scanners. 
Many studies are available that compare the various types 

of existing body scanners. Daanen et al., Daanen & Ter Haar 
and Olds & Honey [6,13-15] discuss the use of 3D whole body 
scanners in anthropometry as a whole, giving a good overview 
of the evolution of body scanning technology and the different 
scanners in use at the time their articles were written. Olds & 
Honey  affirm that scanners using white light are generally 
faster and cheaper than laser scanners, but can produce lower 
quality scans, with areas of data missing. Despite concluding 
that body scanners are expensive, require technical expertise, 
and cannot measure skin-folds or compressed bone lengths, 
they agree that they offer the ability to collect greater amounts 
of data, can extract data when the subjects are no longer present 
and are able to use the it directly in computer-aided design 
software applications. Mckinnon & Istook [16] compared two 
scanners available from the company TC2 at the time they 
were writing (2001), finding that the newer design was an 
improvement on the older version, as it produced data that 
replicated information obtained using traditional measurement 
methods more closely. They then anticipated that the 
extraction of fast and accurate anthropometric data would be 

possible in the future, as is in fact the case, 15 years later. 
 

2.2.  Scanning process 
 
3D scanning offers a technique for capturing body 

dimensions in a fast and reproducible way. However, the 
position of the subject in the scanning volume is important if 
reliable data that can be used in an anthropometric database 
are to be obtained. The postures used for measurements in 
traditional anthropometry are not suitable for body scanning 
because they occlude large areas at the axillae or the crotch 
Instead, they require a scan posture with abducted arms and 
legs that affords the image capture devices a view of the 
inside surfaces of the limbs and torso. Kouchi et al. [17] state 
that this change to the basic posture may alter some 
measurements when compared to those acquired using 
standard anthropometric tools. Although occluded areas are 
smaller when arms and legs are abducted, these postures can 
also result in changes to the shape of the shoulders and to 
body dimensions around the shoulders and hips. In this study 
the  authors concluded that the acromial height remains stable 
as long as the abduction angle is smaller than 20°, and the 
biacromial breadth smaller when the abduction angle is 
greater, approximately, than 5°. 

As scanning systems are different from one another in the 
number and placement of image capture devices, the optimal 
scanning position may vary from system to system. When the 
optimal position is determined, it should be described 
precisely and used for all subjects. ISO Standard 20685 [18] 
suggests the four postures identified in Fig. 1. For all 
postures, quiet respiration (normal breathing) should be 
adopted. The shoulders should be straight without being stiff, 
and muscles should not be tense. 

The positions adopted by subjects during the scanning 
process should be adapted to the study being conducted. As 
such, in the literature it is possible to find positions that differ 
from those indicated in ISO 20685. This is the case presented 
by Ashdown et al. [19] who argued (in a case in which a laser 
scanner with 8 paired cameras was stationed at four points 
equally spaced around the body) that the subjects’ feet should 
be positioned about 30cm apart with the arms abducted from 
the body. This is a fundamental aspect of a good scan because 
other positions often result in holes or missing data for some 
portion of the body or obscure another area (such as under 
the arms) or for areas where the cameras cannot record data 
(such as surfaces parallel to the floor). Additionally, surfaces 
such as hair and dark-textured clothing decrease the quality 
of the scan by scattering the light and preventing the cameras 
from capturing a complete set of data points. A study by 
Tomkinson & Shaw [20] showed that most direct 3D scan 
measurements of standing posture had good repeatability, 
except the head and neck postures, whose repeatability was 
poor, as a result of significant postural errors. In this case they 
recommend that researchers aim at reducing postural and 
technical errors by strictly adhering to measurement 
protocols, undergoing extensive tester training, choosing 
appropriate test–retest intervals, minimizing diurnal 
variability, and taking multiple measurements. 
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Figure 1. Subject positions during scanning. 
Source: [18] 

 
 

2.3.  The different body scanners 
 
There are two types of body scanners: high-end scanning 

systems that produce high-quality scans for sizing surveys and in-
shop or in-house inexpensive scanning systems that produce 
lower quality scans for retail use [17]. Based on a publication from 
2013 [13], several 3D whole body scanning systems are currently 
available on the market, including those presented in Table 1. 

 
Table 1. 
Currently available 3D whole body scanning systems. 

Company Product City, Country Technique 

Cyberware WBX 
Monterey, 
CA, USA 

Laser line 

4ddynamics 
Mephisto EX-
pro or CX-pro 

Antwerp, 
Belgium 

Structured light 
projection 

4ddynamics Gotcha 
Antwerp, 
Belgium 

Structured light 
projection 

Vitronics 
Vitus Smart 

LC 
Wiesbaden, 
Germany 

Laser line 

Vitronics 
Vitus Smart 

XXL 
Wiesbaden, 
Germany 

Laser line 

TC2 KX-16 
Cary, NC, 

USA 
Infrared 

SizeStream 
3D body 
scanner 

Cary, NC, 
USA 

Infrared 

SpaceVision Cartesia Tokyo, Japan 
Laser structured 

light 

3dMDbody Flex8 
Atalanta, GA, 

USA 
Stereo 

photogrammetry 
Source: Adapted from [13] 

There are also new ways of creating three-dimensional 
images using systems that were not initially designed for the 
purpose. This is the case of Microsoft Kinect, which can be 
used for numerous other applications besides games. The 
Microsoft Kinect sensor is one of a class of devices known as 
depth cameras in the category of structured light systems 
[21].  Kinect may be considered a 3D markerless motion 
capture system because it provides a simplified skeleton in 
real time, without the need for special clothes or other 
equipment. Despite the fact that it cannot be used for 
extremely accurate studies [22-24], it may be deployed when 
there is no need for high levels of accuracy, for example in 
clothing or shoe sizing, indirect fat measurement, or clinical 
rehabilitation [25, 26]. 

 
2.4.  Applications 

 
Body scanners are used for a wide variety of applications. 

Jones & Rioux [14] divided their applications into: 
 Medical: body deformity; glaucoma; orthodontics; 

orthopedics; surgery; lung function studies; custom 
prostheses; breast topography; pediatrics; medical 
management; 

 Human systems engineering: work environment; 
population anthropology; helmets and face masks; 
gloves; clothing; human morphology; human motion 
analysis; forensic imaging; hearing studies; 

 Virtual reality and communications: three-dimensional 
portraits; computer animation of human models. 
More recently, according to Ashdown et al. [19], 3D 

scans have been used to create virtual models of customers 
for the apparel industry, which consumers can use to try on 
clothing virtually. 

Another important use of body scanners is the creation of 
anthropometric databases. The first large-scale 3D 
anthropometry survey project carried out was the Civilian 
American and European Surface Anthropometry Resource 
(CAESAR). The CAESAR database contains anthropometric 
variability of men and women, with ages ranging from 18 to 
65 years old. Representatives were asked to ensure the 
database contained samples for various weights, ethnic 
groups, gender, geographic regions, and socio-economic 
status. The study was conducted between April 1998 and 
early 2000 and included three scans per person for (i) 
standing posture, (ii) full-coverage posture and (iii) relaxed 
seating posture. The data collection methods were 
standardized and documented so that the database may be 
continually expanded and updated. High-resolution body 
scans were made using three-dimensional body scanners 
from Cyberware and Vitronics. 

In addition to the CAESAR project, many other studies, 
such as Size UK, Size USA, Size Spain and Size China, have 
been conducted to classify entire populations using data 
collected with 3D body scanners. 

 
3.  Reliability and validity of anthropometric data 

 
When using anthropometric data it is important to test its 

reliability and validity, as these factors may influence both 
the measurements and the interpretation of the results 
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obtained. Appannah et al. [27] argue that the validity of data 
is defined by the ability to achieve the “true value” of a 
measurement, while Johnson et al. [28] defined reliability as 
the ability to repeat, reproduce, or consistently obtain the 
same measurement under identical conditions. According to 
Mueller & Martorell [29], the reliability of a measurement 
relies on precision and dependability, the former being the 
most important determinant. Also important is intra-observer 
reliability, described as the ability of the same observer to 
obtain consistent measurement, and inter-observer reliability 
– ability of different measurers to obtain similar 
measurement. Kouchi et al. [17] stated that for 
anthropometric data users there are three essential quality 
parameters:  
 Validity of the data, meaning that the target population is 

well defined by the subject population of an 
anthropometric survey;  

 Comparability of measurement items, implying that the 
exact same method is used when taking the same one 
dimensional measurement; 

 Accuracy and precision of measurements, which are 
affected by factors such as instruments, measurer skills 
or, even, the participants themselves. 
 

3.1.  Sources of errors 
 
Despite the importance of all these issues (because of 

their impact on measurement error) they are sometimes 
neglected when conducting an investigation. In most studies 
the error limits are set prior to data collection, whilst the 
performance of the measurer is evaluated during the 
collection process (comparing it with previously defined 
standards). 

Both in traditional anthropometry methods and in 3D 
anthropometry, there are some factors that may affect the 
incidence of errors. Kouchi et al. [30] presented a list of some 
of these factors (Table 2), where they state that the two 
principal sources of error are related to the devices used and 
to the persons involved in the data collection process. 

The traditional instruments used when collecting 
anthropometric data are usually simple to calibrate and as 
such, they are only unreliable if they were poorly designed 
(e.g., a tape measure that is made from a material that will 
stretch). On the other hand the calibration of a 3D scanning 
system can be compromised either by the hardware or 
software. Most scanning systems have a calibration process 
that will verify and correct the calibration of the scanner by 
measuring a simple geometric shape of known dimensions. 

The skill of measurement collection processes resides not 
only in the ability to produce several consistent 
measurements, but also in the ability to accurately identify 
the locations of the various landmarks. However, these two 
factors are very difficult to separate and assess individually 
as no “true values” are present in the human body [29].  
Despite the fact that the repeatability of posture is marked as 
being a factor caused by the participants, a proper measuring 
posture and its repeatability are factors that are also related to 
the measurer, as they can be controlled if the measurer 
provides proper instructions [30]. As such, it may be said that 
observer error is the cause of most errors in traditional 

Table 2.  
Factors that affect errors in anthropometry. 

Factors 
Traditional 

anthropometry 
3D anthropometry 

Devices 

Hardware  
Accuracy of 
instrument 

Accuracy of scanner 
system  

Software  - 

Accuracy of landmarking 
software 
Accuracy of measurement 
calculation software 

Humans 

Measurer  
Skill of 
measurement 

Skill of landmarking 

Computer 
operator  

- 

Accuracy of landmarking 
software 
Accuracy of measurement 
calculation software 

Participant 
Repeatability of 
posture 

Repeatability of posture 
Body sway during scan 

Source: Adapted from [30] 

 
 

anthropometry since it includes imprecision in landmark 
location, subject positioning, and instrument usage [31].  The 
same authors also discuss the fact that when multiple 
observers are involved, this error can be accentuated, as 
happens in most large-scale anthropometric surveys, where 
the landmarking process is conducted by a single person but 
the body measurements are done by several [22].  

Although when traditional methods are used the steps to 
achieving actual usable anthropometric data are not very 
complex, they are much more complex when a 3D body 
scanner is employed, as shown in Fig. 2. This is the reason 
why 3D anthropometry presents so many more factors that 
may influence the existence of errors in measurements. 

Ever since 3D body scanners first appeared there have 
been authors who have tried to assess the accuracy and 
precision of the measurements derived from them. Attempts 
have been made to evaluate them in terms of: (i) 
comparability with measurements from traditional methods 
[32-34]; (ii) repeatability of scan-derived measurements 
[35,36]; (iii) and repeatability of scan-derived landmark 
locations obtained from the same image [35]. However, 
Kouchi et al. [30] state that the quality parameters of these 
studies are not usually consistent, because there is no explicit 
required accuracy standard and no widely accepted quality 
evaluation protocol. 

Both Table 2 and Fig. 2 show that an important part of the 
three-dimensional anthropometry is based on landmarking. 
Most studies evaluate errors in body measurements rather 
than errors in landmark locations. However, Kouchi et al. 
[30] showed that the assessment of accuracy using 
measurement errors underestimates errors in landmark 
locations. This happens because when the same image is 
used, the scan-derived landmark locations are not always 
identical, but may vary according to the methodology – 
marker stickers indicating landmarks or landmark locations 
calculated from surface data – and to the way that markers 
are identified – by an operator, or calculated using software. 

The following section goes into more detail about 
landmarking. 
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Figure 2. Flow diagram of anthropometric data collection.  
Source: [17] 

 
 

3.2.  Landmarking 
 
According to the manual of the International Society for 

the Advancement of Kinanthropometry [37], a landmark is 
an identifiable skeletal point which generally lies close to the 
body’s surface and is the marker that identifies the exact 
location of a measurement site. They are found by palpation 
or measurement and can be used to define anatomical 
correspondence between individuals. Most commonly used 
landmarks are located on specific bones or are easily 
identifiable by soft tissue features such as nipples or the navel 
[17].  

Wrongly identifying a body landmark is the main cause 
of observer error in the collection of anthropometric data 
[30]. As such, in any anthropometry-based study it is 
extremely important to agree on the body measurements to 
be recorded and the common points on the body to be 
identified. 

In anthropometry, the same landmark is frequently used 
to measure several body dimensions. The first step in 
traditional landmarking is to mark the locations on the body 
sites that will be measured on the participants’ skin using a 
non-smearing, skin pencil or skin-safe, washable, ink that can 
be easily removed using makeup remover [38, 39]. 
Anthropometrists usually use a small cross or dot as a 
marking symbol (Fig. 3). 

Locating the required body landmarks can be a very 
difficult and time-consuming task. This may be especially 
problematic in people with more body fat over the bony 
landmarks [15], or people in wheelchairs with whom it can be 
hard to gain access to the required landmarks [32]. According 
to Paquette [41], in 1988, four hours were required to physically 
landmark, measure, and record the data of one individual in an 
anthropometric survey of US Army personnel. 

Figure 3. Landmarks identified manually.  
Source: [40] 

 
 
The traditional anthropometric measuring procedure has not 

changed much since this study was carried out in the late 1980s. 
For the marking of landmark locations it is fundamental 

that participants adopt the correct posture for the 
measurement or the landmark location might be 
compromised and the results biased. Kouchi et al. [17] give 
the example of landmarking the tip of the spinous process of 
the seventh cervical vertebra, which can be easily palpated at 
the back of the base of the neck when the participant has the 
neck bent forward. They state that if the location were 
marked in this posture, the mark on the skin would slide away 
from it when participants lift their heads for orientation in the 
Frankfurt plane, compromising the reliability of the results. 

As landmarking is the basis for obtaining valid results, it 
is important to quantify the measurement errors caused by 
landmarking. Despite the fact that the repeatability of 
landmarking has been considered an important factor that, if 
handled incorrectly, contributes to errors in anthropometry 
measurement, there are few studies that quantify the 
phenomenon. Kouchi et al. [30] argued that landmarks with 
large intra-observer errors also had large inter-observer 
errors. Additionally, they found that the errors in body 
dimensions were smaller than landmarking errors in 23 of the 
35 measurements analyzed, suggesting that the magnitude of 
landmarking errors would likely be underestimated by 
examining errors in body dimensions.  

When using 3D body scanners, the landmarking process 
is also crucial for the correct correspondence of anatomical 
locations between subjects and across scans. Moreover, 
measurements derived from reliable landmarks can be used 
for statistical analysis, for reconstructing variation in human 
body shape or even for creating homologous models [42, 43]. 
As such, the poor identification of landmark locations 
characteristic of 3D anthropometry has a significant effect on 
the derived data that is used to define participant body 
dimensions and to effect shape analysis. Landmarks can be 
placed manually (with traditional markers, for scanners that 
can sense color differentiation, or small hemispherical 
objects stuck to the skin for scanners that only capture surface 
geometry – Fig. 4). Or they may be identified by the  
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Figure 4. Landmark-based automated measurement process. 
Source: [44] 

 
 

scanner’s software system, in which case they are 
automatically identified from body surface geometries. Fig. 
5 shows a set of landmarks automatically derived from a scan 
based on surface geometries. 

Before starting the scan measurement process it is 
necessary to identify some body parts, in order to achieve an 
appropriate reconstruction from the captured datapoints a. 
The human model is usually divided at armpits and crotch (a 
process known as segmentation). Five body parts, including 
head and torso, both arms, and both legs can be identified. 
There are many ways to perform this segmentation, for 
example, Nurre et al. [45] proposed a cusp algorithm for 
segmenting the 3D scanning data of a human body while 
Wang et al. [46] applied fuzzy logic concepts to locate the 
armpits and crotch, and then to separate the arms and legs 
from the trunk.  

The landmarking process is the most problematic aspect 
of 3D anthropometry since the landmarks placed on bony 
structures that are found below the skin surface, and palpated 
by the anthropometrist (in traditional methods) cannot be  

 
Figure 5. Landmarks identified with a 3D body scanner.  
Source: [46] 

accurately identified from the surface shape of the scan. As 
this is a difficult process, and integral to reliable data 
collection, some attention has been given to developing 
methods to enable correct landmark identification. Some 
studies present algorithms for automatically calculating 
landmark locations [47,48] while others propose alternatives 
for automatically detecting and calculating 3D coordinates of 
markers positioned by experienced anthropometrists [46]. 
However, as creating a good criterion for evaluating the 
performance of an algorithm is very difficult, the 
performance of very experienced anthropometrists is used as 
a criterion for evaluating the performance of algorithms used 
for calculating scan-derived body dimensions [30]. 

According to Wang et al. [46], landmark identification 
methods may in general terms be classified as: (i) 
premarking, (ii) human body mapping, (iii) geometry 
analysis and (iv) approximate determination of height 
location. Often the positions of the landmarks can be easily 
identified on the scanning image with the human eye, a 
process that is difficult to program into software. By using 
color information obtained from the cameras in the scanning 
heads, manually placed landmarks can also be identified by 
analyzing the RGB information in the scanned image 
[6,46,49]. 

However, the procedure of placing markers on the body 
surface is time consuming, relatively invasive, and may involve 
human error. Kouchi et al. [30] discuss the fact that the amount 
of error in identifying landmarks is not well known. They 
examined the landmarking of 40 individuals carried out by 
experienced and novice markers and compared the differences in 
measurements taken with reference to the landmarks identified. 
Differences in measurements obtained that were due to intra- and 
inter- observer error were sufficiently large that it was suggested 
that the explicit definition of landmarks in more detail might 
reduce landmarking errors.  

Therefore, the possibility of developing marker-free 
techniques for landmarking becomes an important issue for 
analyzing 3D whole body scanning data. For the method of 
automated landmarking, analyzing the geometry of the 
human body using techniques such as silhouette analysis is a 
logical approach [50]. Douros et al. [51] used the method of 
reconstructing curves and surfaces to locate the landmarks. 
Allen et al. [42] proposed a method for identifying landmarks 
efficiently that employed a template mapping approach, 
which makes use of information from the existing database 
of 3D human models. Lu and Wang [52] used four algorithms 
(silhouette analysis, minimum circumference determination, 
gray-scale detection, and human-body contour plots) to 
locate 12 landmarks and 3 characteristic lines automatically, 
making it possible to obtain 104 body dimensions. 

According to Kouchi et al. [30], the identification of the 
3D coordinates of landmark locations can be done entirely 
manually, entirely automatically, or using a mix of both 
techniques: 
 Deciding landmark locations on the body: a measurer 

decides landmark locations manually or a system 
calculates them automatically;  

 Obtaining 3D coordinates of markers: an operator manually 
picks the centers of marker stickers or a system recognizes 
stickers automatically and calculates 3D coordinates;  
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 Naming landmarks (or labeling): either an operator or a 
system automatically names each marker.  
Although selecting a manual method to decide landmark 

locations on the human body and placing a marker is time 
consuming, so too is doing it semi-automatically by 
validating marker centers and naming markers. If on the one 
hand, automatic calculations of landmark locations save time, 
on the other, they may not always match the landmark 
locations identified by experienced anthropometrists.  

 
4.  Conclusions 

 
Creating anthropometric databases typically requires 

considerable resources (time, knowledge, funds, equipment 
and people). To overcome these limitations, technological 
developments in recent years, using three-dimensional digital 
forms, has made it possible to advance the study of human 
size and shape using fewer resources. 3D body scanners 
make anthropometric data acquisition more practical, faster, 
and less expensive. It also has the potential to produce valid 
and reliable measurements. With these advances it is now 
possible to explore the possibilities of anthropometric 
measurement processes and create new perspectives on its 
use. 

3D scanning systems have evolved over the last few 
years. From LASS to Kinect, the technology is always 
advancing. The type of technology used differs from scanner 
to scanner. There are four main types of technology: - laser 
line systems, structured light systems, multi-view camera 
systems and millimeter wave systems. Currently, there is a 
significant range of three-dimensional body scanners 
available in the market (nine major products developed in 
different parts of the globe).  

Depending on the technology and product used, the 
results and applications are different. Different products may 
have different reliability issues, potentially compromising 
the applicability of the data. Depending on the desired 
application -i.e., highly precise anthropometric data or less 
accurate data for apparel applications- a variety of body 
scanners may be used. For example, the Microsoft Kinect, 
which is less accurate, may be used for apparel applications, 
while the Vitrus Smart LC, because it is more precise, can be 
used for compiling an anthropometric database. 

The same logic can be applied when selecting traditional 
methods versus 3D anthropometry, as which method should 
be used will depend on the type of data required (one-
dimensional measurements or three-dimensional surface 
shapes) and on how it will be applied.  
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Abstract 
This paper presents the results of a preliminary study on the interaction of the fingertip and a mobile device’s touch screen. The objective 
of this study is to identify the finger postures that will be included in the main study on the contact area in the interaction between fingertip 
and a flat surface. Twenty participants (15 males and 5 females) took part in this study. They were asked to complete two tasks in a sitting 
posture. In the first task, they had to touch targets on the mobile device screens by tapping them sequentially, while in the second task they 
were asked to connect the targets with straight lines. The results showed that the participants used mainly their thumbs and index fingers 
to touch targets on the screen of the devices. Only a small number of participants used their middle finger, and only in a few touching 
activities. 
 
Keywords: finger posture; touch screen device; mobile phone; tablet. 

 
 

Comprensión de las posturas de dedos al tocar objetivos en la 
pantalla táctil de dispositivos móviles 

 
Resumen 
Este trabajo presenta los resultados de un estudio preliminar sobre la interacción de la yema del dedo y la pantalla táctil de un dispositivo 
móvil. El objetivo del estudio es identificar posturas de los dedos que se incluirán en el estudio principal en el área de contacto en la 
interacción entre las puntas de los dedos y una superficie plana. Veinte participantes (15 hombres), participaron en este estudio. Se les pidió 
que completasen dos tareas en una postura sentada. En la primera tarea, tuvieron que tocar objetivos en las pantallas de dispositivos móviles 
de una forma secuencial, mientras que en la segunda tarea se les pidió que conectasen posiciones objetivo con líneas rectas. Los resultados 
mostraron que los participantes utilizan principalmente sus dedos pulgares e indicadores para tocar posiciones objetivo en la pantalla de 
los dispositivos. Sólo un pequeño número de participantes usó su dedo medio, y en pocas actividades.  
 
Palabras clave: postura; dedos; dispositivo con pantalla de toque; teléfono móvil; tableta. 

 
 
 

1.  Introduction 
 
Nowadays, people use their mobile devices 

everywhere, adopting various postures with their fingers. 
They use their mobile phones when walking, standing, or 
sitting, as part of their daily activities. Karlson’s study [1] 
identified that travellers operated their mobile devices 
using only one hand at an airport when walking, standing, 
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or sitting. The observation involved users of mobile phones 
and PDAs. There were two types of mobile phones 
recorded in the study, the candy bar and the flip types. A 
larger survey by Hoober [2] showed that people use their 
mobile devices in standing, walking and sitting positions, 
and while travelling on public transportation, such as buses 
or trains. The survey observed how people held their 
mobile devices at common places, such as universities, 
parks, offices, public transportation, and shopping malls. 
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Hoober recorded a Samsung Galaxy Note 2 as the largest 
device in his data set. From both surveys, it was possible 
to conclude that people hold their mobile devices in 
different ways: one hand, two hands, and cradle. 
Additionally, people can also use their mobile devices by 
putting them on a table, especially when they interacting 
with tablets.  

People change their hand postures very often when 
interacting with their mobile devices, changing postures 
during usage time. It is possible to see that they often change 
the way they hold their mobile device easily while using it. 
Hoober repeatedly saw individuals that adopted various hand 
postures while using the same device, in a short amount of 
time. He recorded individuals that used one hand at the 
beginning, then used the other for a different activity, then 
adopted cradle posture, and then returned to the initial 
posture [2]. In accordance with Hoober’s findings, Azenkot 
and Zhai [4] found that all participants used at least two 
methods to complete the tasks required in their study on the 
use of two thumbs, one thumb, and index finger in human 
interactions with mobile devices.  Regarding the most 
commonly used fingers, Hoober [2] and Azenkot and Zhai 
[4] noticed that most people used their thumbs and index 
fingers. 

It is also possible to see that the target size—defined by 
considering the screen size of the device and designed 
according to the size of a human finger pad—of a tablet is 
usually larger than that of smaller devices [5]. Microsoft’s 
Windows Phone Silverlight development guidelines 
recommend that the touch target size can be greater than or 
equal to a 9 mm square [6]. For the minimum target size, 
Microsoft allows their developers to use a 7 mm square 
when the smaller hit target is warranted [6]. The minimum 
target size recommended by Microsoft is the same as the 
size recommended by Google. Google’s Android UI 
Guidelines suggest a 7 mm square (48 pixels square) [5], 
although for targets that are rarely used by users, the 
developers can apply a size smaller than 7 mm square. A 
smaller minimum target size is recommended by Apple. 
The iOS Human Interface Guidelines allow a 6.5 mm 
square (44 pixels square) for their developers [7]. All of the 
operating system developers define the minimum targets 
size by considering the touching accuracy [5-7]. 

Few studies showed that the target size has a significant 
relation to the user errors, performance and satisfaction. 
Parhi’s study, for example, found that user errors decline as 
the size of the target increases [8]. Park’s study on touch key 
design, showed that user performance and subjective 
satisfaction with the larger touch key size was higher than the 
satisfaction with smaller sizes [9]. Both studies showed that 
the target size should fit to the fingertip contact area on the 
target. 

It is commonly known that users try to touch the targets 
on the touch screen devices accurately by manipulating the 
finger posture. Wang and Ren [10] observed two different 
forms of fingertip contact: the vertical touch and the oblique 
touch. They found that the size of the fingertip contact area 
is significantly different with each of the two forms of 
touching. Holz and Baudisch [11] studied the users’ mental 
model of touch in their efforts to minimize error. The study 

explored techniques used by the participants in targeting a 
crosshair accurately. They found that users tried to touch the 
target on their device by aligning the finger’s feature and 
outline. Both studies observed the individuals touching the 
screen display in a flat posture on a table. 

Since previous studies [2,4,10,11] have not completely 
described which fingers and respective postures are normally 
used by individuals in interacting with the touch screen 
devices, an in-depth study is required to acquire that 
information. 

This paper presents the results of a pilot test on the 
interaction between the finger and the touch screen of 
mobile devices in various postures. The test is the 
preliminary observation of a proposed study on the contact 
area of fingertips and touch screen devices. The purpose of 
this study is to identify the user’s typical finger posture in 
his interaction with the screen of a mobile device. The 
rationale for this observation is to determine the fingers and 
their pitches and rolls that should be included in the 
proposed main study on the fingertip contact area with the 
touch screen. A previous version of this paper with a 
smaller number of participants has been published 
elsewhere [3]. 

 
2.  Materials and Methods 

 
2.1.  Participants 

 
Twenty volunteer participants (15 males and 5 females) 

were involved in this study. Their age ranged from 19-58 
years with a mean of 34.85 (SD. ± 9.76).  All of them were 
right handed.  

 
2.2.  Equipment and tools 

 
Two mobile devices, a Samsung Galaxy S Duos mobile 

phone (4 inch screen) and a Samsung Galaxy Note 10.1 tablet 
(10 inch screen), were used to display the targets. There were 
8 targets (5 x 5 mm2 squares with blue outlines) set on the 
mobile phone screen, and 12 targets (7 x 7 mm2 squares with 
blue outlines) set on the screen of the tablet. Fig. 1 and 2 show 
the position of the targets on the screens of the mobile phone 
and tablet respectively. 

A Sony DCR DVD-403E PAL video camera and an 
Olympus VR-340 compact camera were used to record the 
hand postures of the participants while performing the tasks. 
The Sony camera was placed next to the participants’ hands 
and was used to record their finger pitch angles when 
performing tasks, while the Olympus camera was set behind 
the observation desk and was used to record the finger roll 
angles.  

A table with a desk height (DH) of 74 cm was used to 
place the equipment on. A chair with a seat height (SH) of 55 
cm was provided for the participants to be able to perform the 
tasks comfortably in a sitting posture. 

An AutoCAD 2010 software application was used in the 
measurements of the finger pitch and roll angles. A Microsoft 
Excel for Windows was used to handle and to analyse the 
data. 

 



Autor et al / DYNA 83 (197), pp. 31-37. June, 2016. 

33 

Figure 1. Position of targets on mobile phone screen. 
Source: The authors 

 
 

Figure 2. Position of targets on tablet screen. 
Source: The authors 

 
 

2.3.  Experiment design and procedures 
 
This study was designed to consider the position of 

targets, the type of tasks, and the hand postures adopted by 
the participants to touch the targets as independent variables, 
while the chosen fingers, finger pitches, and finger rolls were 
considered as response variables. 

In the planning phase, a number of postures that might be 
performed by the users when interacting with mobile devices 
were identified: four postures in the interaction with the tablet 
and four postures for the interaction with the mobile phone. 
From the eight postures, the two hands with two thumb-
screen interaction for the tablet was ignored given that in our 
previous study [3], a few participants found it difficult to 
complete the tasks in this posture. The two-hand cradle 
posture with one thumb-screen interaction for mobile phone 
use was also ignored. It was assumed that the use of a single  

Table 1. 
Hand postures observed in the study.  

Devices 
Hand postures when interacting with 

mobile devices 

Mobile phone  
Two hands: cradle  
Single hand: one thumb 
Two hands: two thumbs  

Tablet 
Two hands: cradle 
Single hand: tilt (45) on table  
Single hand: flat on table 

Source: The authors 
 
 

Figure 3. Illustration of the finger pitch and the finger roll. 
Source: The authors 

 
 

hand with one-thumb interaction had adequately represented 
the thumb postures for the observation. Only the use of an 
index finger or a middle finger in the cradle posture was 
observed. Table 1 listed the users’ hand postures observed in 
this study.  

In the experimental phase, participants were asked to 
perform two tasks in a sitting posture. In the first task, the 
participants were asked to touch targets appearing on the 
devices by tapping them in various hand postures 
sequentially. Then, in the second task, they were asked to 
touch each target by connecting them as they usually drag 
an icon or an image on the touch screen. The participants 
were allowed to choose which finger they wanted to use for 
the required tasks. 

In sum, the experiment was designed to include 20 
participants × 3 postures × 2 tasks × 12 targets = 1440 
touches on the tablet and 20 participants × 3 postures × 2 
tasks × 8 targets = 960 touches on the mobile phone.  

The observation focused on finger pitches and rolls 
when touching the targets on the screen. The definition of 
the finger pitch and roll used by Holz and Baudisch [11] 
was adopted. The finger pitch is the angle between the 
finger and the device screen, while the finger roll is the 
rotation of the finger in a clockwise or anti-clockwise 
motion. Fig. 3 illustrates the definition of the finger pitch 
and the finger roll. 

 
2.4.  Data processing and analysis 

 
The relevant images of the hand postures were captured 

from the videos recorded by two cameras. Then, the images 
were imported to the AutoCAD 2010 software, so that the 
finger pitch and the finger roll angle could be measured. To 
simplify data recording and computation, the finger pitch and 
roll angles measured from the images were classified by 
following a guideline shown in Table 2.
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Table 2. 
Guideline for recording finger pitch angle used in this study 

Range of finger pitch/roll angles 
measured from images 

Finger pitch/roll angles used in 
data recording 

0 - 37.5 30 
>37.5 – 52.5 45 
>52.5 – 67.5 60 
>67.5 – 82.5 75 

>82.5 90 
Source: The authors 

 
 
The data was summarised and analysed by using MS 

Excel for Windows on a computer. The frequency of the 
appearance of the finger pitch and the finger roll angles were 
counted manually and shown as the percentage of the sum of 
all the data in the related posture. All the data were analysed 
and presented in descriptive statistics. 

 
3.  Results and Discussion 

 
It was found that most of the participants used their index 

finger when interacting with the tablet in all postures 
observed in this study, while only a small number of them 
used their middle fingers, and one participant was identified 
as not performing a cradle posture. It was also observed that 
two female participants used their middle fingers to touch the 
screen. They used their index and middle fingers, mainly 
because of their long fingernails. 

In their interaction with the mobile phone, two 
participants did not use the single-handed posture. Besides, 
three participants did not use the cradle posture and four 
participants did not use the two thumbs posture. It was also 
observed that the participants performed the tasks by using 
their thumbs in the single- and two-handed interactions and 
their index fingers in the cradle interaction.  

For the whole set of observations, we recorded 528 touching 
activities in 16 thumb postures and 288 touching activities in 9 
index finger postures adopted by the participants when 
interacting with their mobile phones. Further, we recorded 1296 
touching activities in 10 index finger postures and 120 touching 
activities in 3 middle finger postures adopted by the participants 
in their interaction with the tablet. Table 3 listed the number of 
the touching activities and the finger postures (pitch and roll 
angles combination) adopted by the participants. 

 
Table 3. 
Number of the touching activities and the finger postures adopted by the 
participants. 

Device Hand posture 
Involved 
finger 

Touching 
activities 

Finger 
postures 

Mobile 
phone 

Single hand and 
two hands 

Thumb 528 16 

Two hands: 
cradle 

Index finger 288 9 

Tablet 

Two hands: 
cradle 

Index finger 408 9 
Middle finger 48 2 

Single hand: flat 
on table 

Index finger 456 7 
Middle finger 24 1 

Single hand: tilt 
(45°) on table 

Index finger 432 10 
Middle finger 48 2 

Source: The authors 

3.1.  Index finger postures in the interaction with tablet 
 
In the interaction with the tablet in a tilt (45) position, 

most of the participants adopted the 75 pitch and 0 roll 
(28.70%). For the flat position on the table, the participants 
equally performed 45 pitch and 0 roll, 60 pitch and 0 roll, 
and 75 pitch and 0 roll combinations. Fig. 4 and 5 
respectively show the percentage of the finger pitch and roll 
combinations which occurred in the interaction with the 
tablet in tilt and flat positions on the table. 

 

 
Figure 4. The index finger pitches and rolls occurred in the interaction with 
tablet in the tilt position on a table. 
Source: The authors 

 
 

 
Figure 5. Index finger pitches and rolls in the participants’ interaction with 
their tablet in the flat position on a table. 
Source: The authors 

 
 

 
Figure 6. Index finger pitches and rolls in the participants’ interaction with 
their tablet in the cradle posture. 
Source: The authors 
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Figure 7. Index finger pitches and rolls in the observed interaction with 
tablets. 
Source: The authors 

 
 
Fig. 6 shows the index finger pitch and roll combinations 

occurred in the interaction with the tablet screen in the cradle 
posture. We can observe the five combinations of finger pitch 
and roll angles that were most commonly used by the 
participants, namely: 60 pitch and 0 roll (21.81%), 
followed by 75 pitch and 0 roll (20.59%), 45 pitch and 0 
roll (18.38%), 60 pitch and 30 roll (13.48%), and 75 pitch 
and 30 roll (9.80%). 

Fig. 7 summarizes the occurrence of various index finger 
pitches and rolls angles performed by participants in their 
interaction with the tablet in all three postures observed in 
this study. We can see six combinations of finger pitch and 
roll angles that were most commonly used by participants, 
namely: 75 pitch and 0 roll (22.69%), followed by 60 pitch 
and 0 roll (20.68%), 45 pitch and 0 roll (17.59%), 60 
pitch and 30 roll (12.96%), 90 pitch and 0 roll (9.72%) and 
75 pitch and 30 roll (8.72%).  

 
3.2.  Index finger postures in the interaction with mobile 

phone 
 
In the interactions with the mobile phone, the index finger 

can be seen to be used in the cradle posture. Fig. 8 shows the 
percentage of the index finger pitch and roll angles 
combinations used by the participants when touching targets 
on the mobile phone screen in the cradle posture. 

 

 
Figure 8. Index finger pitches and rolls in the interaction with mobile phones 
in the cradle posture 
Source: The authors 

 
Figure 9. Index finger pitches and rolls in the observed interaction with 
both devices. 
Source: The authors 

 
 
We can see in Fig. 8 that the five most commonly used 

combinations of index finger pitch and roll angles for the 
interaction are: 60 pitch and 0 roll (29.17%), 45 pitch and 
0 roll (16.67%), 75 pitch and 0 roll (15.28%), 60 pitch 
and 30 roll (9.72%) and 75 pitch and 30 roll (9.38%). 

 
3.3.  Index finger postures in the interaction with both 

devices 
 
In Fig. 6 and 8, we can see that in the cradle interaction 

with the tablet or the mobile phone, the typical posture of the 
index finger adopted by the participants is the combination of 
60 pitch and 0 roll angles. The other common postures are 
the combination of 75 and 45 pitches and 0 roll angles. 
Finally, it was also observed that there is no significant 
difference in the posture of the index finger adopted by the 
participants in the cradle posture when using both devices. 

Fig. 9 shows the index finger postures most commonly 
used by the participants when touching the target on the 
screen of both devices. Fig. 9 allows us to conclude that for 
the whole observation, the participants performed the tasks 
by using their index finger in the 0 roll angles combined with 
60, 70, and 45 pitches angles respectively.  

 
3.4.  Thumb postures in the interaction with mobile phone 

 
Fig. 10 shows the thumb pitch and roll angle 

combinations used by the participants when interacting with 
the mobile phone screen. 

Fig. 10 shows five combinations of pitch and roll angles 
of thumb most commonly used by participants in their 
interaction with the mobile phone, namely: 60 pitch and 0 
roll (22.35%), 45 pitch and 0 roll (15.72%), 30 pitch and 
0 roll (14.58%), 60 pitch and 30 roll (13.26%) and 45 
pitch and 30 roll (7.77%).   

It should be noted that two participants in this study used 
their middle fingers in the interaction with the tablet, 
performing combinations of 45 and 30 pitches and rolls 
respectively. They used these postures due to their long 
fingernails. 
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Figure 10. Thumb pitches and rolls in the interaction with mobile phones in 
single-handed, one-thumb and two-hand, and two-thumb interactions 
Source: The authors 

 
 
The current study found that the index finger postures 

commonly used by the participants are quite different from 
those observed in Holz’s study [11] on the users’ mental 
models of touch. Holz’s study [11] found four finger pitch 
angles (65, 45, 25 and 15) and five finger roll angles (-
15, 0, 15, 45 and 90) from the exploration of the 
techniques used by the participants, which were included in 
his main study. This difference may occur given that in the 
current study, the participants were only asked to touch the 
targets freely regardless of the accuracy, while in Holz’s 
study [11], the participants had to touch the targets 
accurately. Holz’s findings suggest that users touch the 
targets precisely by aligning the finger’s feature and outline 
[11]. 

The current study also completed our conclusions from 
the previous study [3] with a smaller number of participants. 
In both studies, the results showed that most of the 
participants performed the tasks by using their thumbs and 
index fingers in a combination of 60 pitch and 0 roll angles. 
The current study emphasized the conclusions of our 
previous study [3] in exploring the fingers and their postures, 
which will be included in our main study on fingertip contact 
area with touch screen devices. 

 
4.  Conclusion 

 
This study is a preliminary observational study on the 

fingertip contact area with touch screen devices. The main 
purpose of this study was to understand finger postures when 
interacting with touch screen devices. It has been possible to 
conclude that the most common thumb and index finger 
posture used by participants in their interaction with the 
screen of a mobile device is a combination of 60 pitch and 
0 roll angles. The study’s results show that the female 
participants with long fingernails, touched targets on the 
mobile device screens by using their index or middle fingers, 
with a very low pitch. In sum, the findings of this study can 
help researchers determine the finger postures that should be 

included in the study of the fingertip contact area with touch 
screen devices. 
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Abstract 
The world's population is aging at an unprecedented rate, this demographic shift will change all aspects of life, including work. The aging of the 
worforce and a higher percentage of workers who will work past traditional retirement years presents significant challenges and opportunities for 
employers. Older workers are a valuable resource, but in order to ensure they stay in good health, prevention will be key. Wearable technologies are 
quickly becoming ubiquitous, individuals are turning to them to monitor health, activities and hundreds of other quantifiable occurences. Wearable 
technologies could provide a new means for employers to tackle the challenges associated with an aging workforce by creating a wide spectrum of 
opportunities to intervene in terms of aging employees and extend their working lives by keeping them safe and healthy through prevention. 
Employers are already making standing desks available, and encouraging lunch time exercise, is it feasible for Wearables to make the jump from a 
tool for individuals to a method for employers to ensure better health, well-being and safety for their employees? The aim of this work is to lay out 
the implications for such interventions with Wearable technologies (monitoring health and well-being, oversight and safety, and mentoring and 
training) and challenges (privacy, acceptability, and scalability). While an ageing population presents significant challenges, including an aging work 
force, this demographic change should be seen, instead, as an opportunity rethink and innovate workplace health and take advantage of the experience 
of older workers. The Quantified-Self and Wearables can leverage interventions to improve employees’ health, safety and well-being. 
 
Keywords: Aging, Health and Safety, Monitoring, Personalized intervention, Big Data. 

 
 

Hacer frente a los desafíos de una fuerza laboral que envejece con el 
uso de tecnologías usables y la auto-cuantificación 

 
Resumen 
La población mundial está envejeciendo a un ritmo sin precedentes. El envejecimiento y un mayor porcentaje de trabajadores que trabajan más 
allá de los años de jubilación presentan importantes desafíos y oportunidades. Los trabajadores mayores son un recurso valioso, pero a fin de 
garantizar que permanezcan en buen estado de salud, la prevención será la clave. Tecnologías portátiles, ó wearables, están proporcionando un 
medio para hacer frente a el envejecimiento mediante la creación de un amplio espectro de oportunidades para intervenir y para prolongar la vida 
laboral de los colaboradores, mantenendoles seguros y saludables. El objetivo de este trabajo es exponer las implicaciones de este tipo de 
intervenciones con wearables (Control de salud, vigilancia, seguridad, y formación) y los desafíos (privacidad, aceptabilidad y escalabilidad). 
Los wearables pueden aprovechar y fortalecer las intervenciones para mejorar la salud, seguridad y el bienestar de los empleados. 

 
Palabras clave: Envejecimiento, salud y seguridad, supervisión, intervención personalizada, big data 

 
 
 

1.  Introduction 
 
The graying of the Baby Boomer generation, combined 

with a decrease in birth rates, has resulted in a dramatic shift 
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in worldwide demographics. In 1950, a large percentage of 
the population fell in the working age range of 18-64 years. 
This segment, of work aged adults supported the small 
population of individuals in their retirement years and the 
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large demographic of children. In comparison, the U.S. 
Census estimates that the year 2050 presents a very different 
picture to the past, the demographic of people age 65 and over 
is projected to reach as high as 20.2% [1]. This shift, often 
referred to as the squaring of the demographic curve, shows 
a shrinking percentage of the population of children and those 
of working age, along with an expanding percentage of the 
population surviving into what has traditionally been 
considered the retirement years. Aditionally, workers in the 
U.S. are working longer [2]. 

The aging of the workforce is a considerable issue 
worldwide. In Europe, the demographic of 55–64 year olds is 
predicted to increase by 16.2 % from 2010 to 2030 [3]. In the 
U.S., 9.9 % of the workforce was over the age of 55 in 2000, 
and it is expected that this number will increase to 15.3 % of the 
workforce by 2020 [4]. Such a demographic change has begun 
to affect many industries, including healthcare, finance, 
insurance, food, durable goods, electronics, the automotive 
industry, etc. Despite markets having recognized this 
demographic shift as an opportunity for products and services 
for an aging demographic also known as the “longevity 
economy” [5], less is known about how this will impact the 
future workforce. Industries need to react to changes not only 
in their consumer base to maintain market share, but perhaps 
more importantly, in their own workforce. In the discipline of 
human factors and ergonomics aging is considered a risk factor 
rather than an opportunity to retain skilled employees [6]. 

A review of epidemiological literature on the causes, and 
types of injuries and their related costs for the construction 
industry by age showed that workers age 50 and over, in fact, 
had a lower frequency of workplace injuries than younger 
workers, although the older workers had higher injury costs 
[7]. Similarly, the rate of injuries for 2012 with paid disability 
leave from work due to injuries by age range [8] showed that 
workers age 65 and over have a much lower rate of injuries 
with paid leave from work than the rest of the workforce. 
However, the length of disability leave for older workers 
tended to be longer, and they experienced a much higher 
fatality rate than younger workers [8]. 

On top of a leave of absence due to injuries or an accident in 
the workplace, it has been shown that health limitations appear to 
increase the likelihood of all types of retirement, suggesting that 
the beginnings of poor health are present before the decision to 
retire is made [9,10]. Therefore, it is of utmost importance to 
maintain or augment employees’ health to keep them healthy and 
safe and, as such, able to keep working. In a literature review, 
physical activity has been shown to help alleviate the negative 
impact of age on the body and the mind [11]. On the way to old 
age, there are landmark birthdays, which mandate certain 
screenings and tests for preventive purposes (e.g., the aviation 
and the trucking industry). The workforce may need to adopt 
similar practices in terms of health monitoring, be it checkups in 
real time or at intervals like the medical model in order to keep 
their older workforces healthy and working.  

The technological developments in the portability (i.e., 
miniaturization), precision and accuracy of different types of 
health related sensors (e.g., heart rate monitors) and other 
sensors have transformed the realm of everyday calculability. 
These changes have come with an increased capacity to gather 
data about one’s performance and the capacity to track one’s 

personal responses (i.e., emotional, physiological, etc.) to the 
environment. This movement known as the Quantified-Self can 
be characterized as self-monitoring or self-sensing using 
diverse types of Wearable sensors combined with the use of 
computing [12]. The Pew Research Center [13] showed that 
60% of individuals surveyed recorded some type of information 
about their health (e.g., weight, diet, exercise routines or sleep 
patterns). For those who keep records of this information, 
methods vary considerably. Some people use electronic forms, 
while others use a pen and paper. The Wearables and 
Quantified-Self movement have enabled individuals to 
understand their personal life better through their health data, 
and such an approach could allow different industries to obtain 
a clearer picture of their employees through their lifespan [14]. 

Even though many ethical questions remain regarding 
their place in work settings [15], the use of Wearables 
technologies and Quantified-Self data represents an 
interesting opportunity to tackle the challenges associated 
with the aging of the workforce, both in terms of protecting 
and improving the health of employees and capturing 
information on working procedures to prevent the loss of 
knowledge due to retirement.  

The aim of this work is to lay out the implications of using 
Wearable technologies and Quantified-Self data in the 
workplace to tackle the challenges of an aging workforce. 

 
2.  Methods 

 
This work aims to expand an initial review that was 

conducted on the use of Quantified-Self and Wearable 
technologies in the workplace (for more details see Lavallière 
et al. [16]). The implications (Monitoring Health and Well-
Being, Oversight and Safety, and Mentoring and Training) 
and challenges (Privacy and Acceptability, Scalability, 
Creativity) were addressed for a broader audience of health 
and safety practitioners, workers and industries. To extend 
this previous work and its relevance to the aging of the 
workforce, a similar structure will be used that will 
emphasize specific topics of these particular areas that would 
benefit the older employee. A narrative literature review was 
conducted to identify the main aspects that companies should 
take into consideration on how Wearables technologies can 
help to improve employees’ health, safety and well-being. 

 
3.  Implications 

 
3.1.  Monitoring health, safety, and well-being 

 
In line with one’s ability to complete work, numerous 

reports have been made on the importance of health in the 
workplace [17]. The use of Wearables and Quantified-Self in 
such a setting allows for two types of interventions: 
identification of tasks that may involve risks for older 
employees and interventions in the workplace aimed at 
improving or maintaining employee health. 

 
3.1.1.  Identification of at risk situations for older employees 

 
Based on the recent advances in technology development 

to collect multiple types of signals, all this new data can now 
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be gathered, recorded and tracked during work to gather 
information such as the level of physical or cognitive fatigue. 
Such physiological indicators include heart rate, 
electromyography [18] and stress level. 

An example of such an application would be the mining 
industry. An investigation of the most common type of 
accident recorded in subsurface and surface mining in Spain 
throughout the 2003–2008 period showed “Physical over-
exertion on the muscular-skeletal system” as the primary 
reason for accidents at work [19]. This result showed that 
over-exertion was the main descriptor for 21.7% (out of 
25,362 accidents) and 28.3% (out of 28,094 accidents) in 
sub-surface and surface mining, respectively.  

Recent technological development has allowed for 
smaller and smarter devices to detect specific events or levels 
of fatigue. Some have used a Smart Safety Helmet (SSH), 
which combines inertial measurement units (IMU) and 
electroencephalography (EEG) sensors to detect an 
operator’s level of fatigue [20]. The SSH sends a warning 
signal using a haptic device to alert the operator when a 
computed risk level (i.e., fatigue, high stress, or error) has 
reached a certain threshold. 

Instantaneous measurement of physiological variables 
and environmental characteristics (e.g., light, noise, 
temperature, vibration) would enable decisions based on 
someone’s physical state and, enable employers to identify 
risk factors such as particular working conditions or fatigue 
onset among employees prior to reaching a state of over-
exertion. Moreover, gathering information over time with 
such devices would enable industries to better evaluate the 
procedures involved in job requirements.  

 
3.1.2.  Interventions in the workplace aimed at improving 

employees’ health. 
 

3.1.2.1.  Modifying the work environment 
 
As one ages, loss of physical strength and endurance can 

indicate potential declines in physical capacity [1]. There is 
also evidence that cognitive performance does not generally 
show any marked decrease until after 70 years of age [21]. 
Therefore, it is important to verify that the possible 
interventions implemented in the workplace are efficient at 
reducing the physical and cognitive burden of one’s job. By 
allowing individualized data collection using Wearables, 
information regarding workplaces adaptations and/or the use 
of mechanically efficient techniques to compensate for age 
decline can be gathered and analyzed to evaluate their 
efficacy and efficiency. 

 
3.1.2.2.  Health interventions in the workplace 

 
Workplace health and wellness interventions have 

received a considerable amount of attention (for more details 
consult The NIOSH Total Worker Health™ Program [17]). 
These approaches integrate occupational safety, workplace 
health protection and promotion initiatives through 
ergonomics to prevent worker injury and illness and to 
promote worker health and well-being [22,23]. It has been 
recognized that to be successful and beneficial, these 

approaches require the full participation of the employee 
[24]. Factors, such as higher attendance (i.e., greater 
participation in terms of number of employees) and better 
assessment of the level of involvement (i.e., intensity of one’s 
activity measured by a physiological value such as heart rate) 
with improved recording over time is needed to achieve 
significant results in augmenting worker productivity. Self-
monitoring has been found to improve chronic conditions 
such as high blood pressure, excessive weight, and diabetes 
[25]. Moreover, two behaviors—healthful food consumption 
[26] and restful sleep patterns—which can be improved with 
Wearables and the Quantified-Self-concept, [27,28] have 
also been shown to greatly influence health. Since chronic 
health problems have been associated with decreased work 
ability and, to lower productivity at work, it is beneficial for 
employers to prevent chronic health conditions among their 
staff [29]. It is important to note that these programs benefit 
employee health throughout workers’ lifespans and not only 
once they are senior workers [30]. In sum, the use of 
Wearables, when embedded in a health promotion program, 
can help to improve employees’ health by reducing the 
prevalence of chronic conditions among employees and 
helping them to adopt and/or maintain a healthier lifestyle. 

 
3.1.2.2.  Return to work 

 
In the case where all these interventions would have been 

insufficient in preventing employee’s injury, Wearables, and 
their associated data can be used to facilitate the employee’s 
return to work after sick leave. Results have shown that the 
longer an employee remains away from work due to 
disability or work related injuries, the less chance they have 
of returning [31,32]. Therefore, efforts should be made to 
guarantee the best treatment possible during sick leave. It has 
been shown that a formal follow-up with employees while on 
disability leave [33,34] and a proper rehabilitation program, 
on-site or using tele-rehabilitation [35] can greatly influence 
return to work programs and, as such, prevent prolonged 
disability. The integration of Wearable and ambient sensors 
has been suggested for home monitoring while undergoing 
treatment [14,36] and would increase accessibility to 
rehabilitation programs. 

Overall, there are definite benefits to the inclusion of 
Wearables in health interventions aimed at either preventing 
risky situations in the workplace, improving employee health 
care through health promotion programs, or by improving the 
rehabilitation process if one is injured on the job. 

 
3.2.  Oversight and Safety 

 
Different approaches have been used to monitor workers 

in the workplace in the past. Some have even made the 
assumption that we are transitioning from a world of 
surveillance to sousveillance [37]. Sousveillance has been 
described as the recording of an activity by an individual 
using a small Wearable or portable personal technology [38]. 
Such approaches allow for a direct monitoring of the working 
environment from an employee’s perspective (i.e., recording 
from first person perspectives - sousveillance), instead of the 
entire working environment (surveillance).  
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Systems can also be introduced to allow for remote 
monitoring of employees using an approach similar to 
sousveillance in combination with a GPS and personal 
emergency response system (PERS) to allow them to call for 
assistance at the push of a button or automatic emergency 
response. 

The above mentioned the application of Wearables, and 
Quantified-Self data focused on tracking information 
regarding the health status of employees at work or while in 
recovery. With the aging of the population and the baby 
boomer generation quickly approaching retirement, multiple 
industries and job sectors are not only facing a shortage of 
workers, they are also at high risk of knowledge loss when 
these highly experienced and knowledgeable employees 
leave (e.g., oil, gas, and nuclear power facilities)[39]. 

 
3.3.  Mentoring and training 

 
While employers should assist their older employees in 

having long and healthy working lives, they do eventually 
leave. Employee knowledge can be captured and passed on 
by tapping into the underlying theme of human dynamics 
research. Pentland et al. [40-42] have suggested that people 
are social learners, so arranging work to increase productive 
face-to-face communication yields measurable benefits.  

Wearble devices can be utilized to show a less experienced 
employee how a task should be performed. For example, 
recording devices such as smart glasses or a miniaturized video 
that gives a first person perspective (head, chest or shoulder 
mounted) would allow more experienced employees to gather 
information on how they navigate and interact in a work 
environment. Combining this video collection with a voice-over 
procedure of their execution of a task will not only enable the 
collection of precious information from experienced employees 
but also, help to identify whther there are disruptions in 
procedures that should be fixed. These procedures—used to 
gather employee knowledge—should serve all individuals as 
communicating vessels so older employees can also learn from 
younger colleagues. This type of approach aligns with Naegele 
& Walker’s [43] work suggesting that when it comes to training 
employees, an age-neutral approach is particularly appropriate. 

 
4.  Challenges 

 
4.1.  Privacy and Acceptability 

 
The use of more moment-to-moment information to 

improve the workplace would ideally lead to better 
management, and improved workplace conditions. All the 
information gathered by Wearables should be available for 
all parties involved—the employee as well as the employer—
in order to be meaningful and prevent the stigma of 
technology as something that restricts autonomy. 

 
4.1.1.  Technology adoption among older workers 

 
There is clear evidence that sensory abilities, such as 

visual [44] and auditory acuity [45,46], generally deteriorate 
with age. These declines can generally be compensated for 
by corrective technology, for example the use of personal 

aids such as corrective lenses or a hearing aid, or by 
adaptations to the environment such as improved lighting, 
reduced glare or reduced background noise. Therefore, 
Wearable technologies have to be designed to be inclusive 
without raising a flag as a device for an older or impaired 
individual. As reported by Coughlin [47], the baby boomers 
represent a new generation of consumers. They have 
experienced mobility, new technology, and a growing trend 
in improvements in every field in their lives [48]. They 
therefore expect to continue this type of lifestyle and will 
demand more of industries [49]. They will not be drawn to 
what could be considered an “older worker Wearable.” 
Although the hope is that monitoring technologies will allow 
older adults to live independently and age in place, some may 
feel embarrassed and see technology as an admission of 
dependence on others. For example, patients, particularly 
older adults, are concerned about privacy, unfamiliarity with 
technology, and a potential decrease in social contact [50]. 
Therefore, great efforts and research should be undertaken in 
the domain of privacy concerns and willingness to use these 
devices among older individuals. 

Sensors are becoming amazingly accurate, but Wearable 
products continue to be clunky and provide a poor user 
experience. In fact, studies have found that 40 percent of 
consumers who purchase a Wearable fitness tracker leave it 
sitting on their bedside after a month or two of wearing it. It 
is of utmost importance to overcome the barriers to the 
adoption of such technologies and recognize the potential 
benefits that they can deliver to older and younger adults 
alike. 

 
4.2.  Scalability 

 
Such devices and quantified data have to provide 

insightful and accessible information to the user for an 
agreeable and compelling experience. Charts, graphs, and 
statistics can automatically be compiled, transforming what 
is essentially a large database of meaningless numbers into 
something that users can quickly parse and understand. This 
type of data translation is necessary to pass from a continuous 
data collection paradigm to information that is 
understandable and actionable [51,52]. 

 
4.2.1.  Oligarchy 

 
Implementations will have to rely on widespread 

distribution and usage among their industries to be 
successful. Moreover, great care should be taken that these 
tools are not only accessible to the wealthy. Open source code 
and the Internet of Things should alleviate such hurdles since 
cloud computing and crowdsourcing platforms will benefit 
us all by allowing the use of developments and tools created 
by others for free. 

 
5.  Conclusions 

 
Instead of being viewed as a challenge, this upcoming 

aging workforce should be seen as an opportunity to review, 
rethink and reinvent how we cope with the aging workforce. 
The use of Quantified-Self information and Wearables 
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represents a new way to tackle the challenges associated with 
an aging workforce by creating a wide spectrum of 
opportunities to intervene with aging employees to extend 
their working lives by keeping them safe and healthy. 
However, to be effective, products and/or programs have to 
engage workers and have a meaningful impact on one’s life 
in order to be successful.  

The creation of an organization with a reputation for 
being an ethical, trustworthy, and a good place to work is 
likely to deliver additional benefits across all generations of 
employees [53]. 
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Abstract 
This study concerns the application of enzymatic hydrolysis to modifying starchy and cellulosic materials. Corn, cassava, upright elephant 
ear and sugarcane bagasse were used in order to evaluate the influence of the enzymatic hydrolysis over the structural, thermal stability 
and crystallinity of these materials. Differential Scanning Calorimetry (DSC) was used to evaluate the thermal properties while Scanning 
Electron Microscope (SEM), X-ray Diffraction (XRD) and Brunauer, Emmett and Teller (BET) methods were used for the structural and 
morphological analysis. Corn presented the highest starch yield (g of starch/g of raw material) with 40.4%. For all materials used, the 
crystallinity increased due to enzymatic hydrolysis suggesting that amorphous zones are attacked first. The gelatinization temperature of 
the starches increased as the crystallinity increased. The granules and fibers, except for upright elephant ear starch, did not change their 
size with enzymatic treatment and the superficial area did not increase significantly with the enzymatic treatment. 
 
Keywords: Starch, Cellulose, Upright elephant ear, Cassava, Sugarcane bagasse, enzymatic hydrolysis, structural analysis, thermal analysis. 

 
 

Análisis y caracterización de materiales amiláceos y celulósicos 
después de modificación enzimática 

 
Resumen 
Este estudio se enfoca en la modificación por hidrólisis enzimática de materiales amiláceos y lignocelulosicos. Maíz, yuca, bore y bagazo 
de caña de azúcar fueron usados para evaluar la influencia de la hidrólisis enzimática sobre las propiedades estructurales y térmicas de 
estos materiales. Calorimetría de barrido diferencial (DSC) fue usado para evaluar estabilidad térmica y cristalinidad, mientras métodos 
como Microscopia electrónico de barrido (SEM), difracción de rayos X (XRD) y Brunauer-Emmett-Teller (BET) fueron usados para 
análisis estructurales y morfológicos. El maíz presento el rendimiento (g de almidón/g de materia prima) más alto con 40.4%. Para todos 
los materiales usados, la cristalinidad aumento debido a la hidrolisis enzimática sugiriendo que las zonas amorfas son atacadas primero. La 
temperatura de gelatinización de los almidones incremento conforme aumento la cristalinidad. Los gránulos y fibras, excepto para el bore, 
no cambiaron su tamaño con el tratamiento enzimático y el área superficial no incremento significantemente con la hidrolisis enzimática. 
 
Palabras clave: Almidón, celulosa, bore, yuca, bagazo de caña de azúcar, hidrolisis enzimática, análisis estructural, análisis térmico. 

 
 
 

1.  Introduction 
 
Starchy and cellulosic materials are important feedstocks in 

the agroindustrial sector worldwide because they turn into a 
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platform for sugar production and subsequently other important 
products. Crops such as corn, cassava, potato and tubers in 
general are good sources of starch, which can potentially be 
used in the commercial production of ethanol fuel [1, 2]. 
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Sugarcane, on the other hand, is one of the principal sources of 
cellulosic material. Both, starchy and cellulosic materials 
should be modified to increase their yield in the enzymatic 
hydrolysis. Starch has traditionally been hydrolyzed by acids, 
but the specificity of the enzymes, and the absence of secondary 
reactions among other advantages mean that enzymatic 
hydrolysis an excellent technique for such processes [3,4]. 

Both, starchy and cellulosic materials can be hydrolyzed 
with different types of enzymes. Materials such as corn stover, 
poplar, eucalyptus, corn cob, rice straw, wheat straw among 
others have been hydrolyzed using enzymes such as 
endoglucanases, cellulases and xylanases obtaining good 
yields [4]. The enzyme α-amylase has been used to carry out 
the hydrolysis of materials such as cornstarch and rice starch 
reaching yields above of 90% [5,6]. The sugar yield of the 
enzymatic hydrolysis of starchy and cellulosic materials can be 
defined by some important characteristics such as particle size, 
crystallinity, and accessible surface area [7]. These key 
parameters are defined for the feedstock characteristics such as 
the nature of the enzyme, its temperature, pH, and the operating 
conditions used in the enzymatic hydrolysis. 

Starch is made up of two types of glucose polymers: 
amylose that is essentially a linear chain molecule, and 
amylopectin, which is branched. Amylose and amylopectin are 
packed into granules, representing the crystalline and 
amorphous parts of the structure. There is evidence that crystals 
consist of parallel double helices formed from the short chains 
of amylopectin. Two types of crystals or polymorph structures 
(A and B) have been identified in starch granules, which can be 
distinguished by the packing density of the double helices [8]. 

Sugarcane bagasse is a polydisperse particulate, which is 
present as fiber and rind particles. This material has high length-
width ratios and corresponds mostly to stalk fibro-vascular 
bundles. Sugarcane bagasse matter is mostly made up of cells 
walls. Thus, bagasse particles have cavities that correspond to cell 
lumina. Besides, there are pith particles, which are finer and near 
unitary length–width ratio originated from stalk parenchyma [9]. 

Different techniques have been used to analyze some of the 
important characteristics of starch and cellulosic materials. 
Scanning Electron Microscope (SEM) has been used to relate 
granule morphology to starch genotype and sugarcane sizes [9, 
10]. Shapes of starchy and cellulosic materials vary widely 
depending on the source. Generally, oval, elliptic, spherical and 
irregular shapes predominate among all the granule shapes. X-
ray Diffraction (XRD) has been used to reveal the presence and 
characteristics of the crystalline structure of the starch granules 
and the patterns of sugarcane bagasse [11,12]. Differential 
Scanning Calorimetry (DSC) is used to measure changes of 
physicochemical properties in gelatinized starch and to measure 
the rate and extent of starch recrystallization [13]. The specific 
surface area of the starch granules is measured using Brunauer-
Emmett-Teller (BET) technique [14]. 

Given that enzymatic hydrolysis is an interesting biorefining 
alternative to obtain a sugar-based platform from starchy and 
cellulosic materials, the analysis of the effect of enzyme treatment 
on specific material characteristics is of relevant importance to 
finding suitable raw materials and sustainable technologies. In this 
sense, this work shows a primary technical analysis of different 
starchy and cellulosic materials after enzyme treatment and their 
potential as future biorefinery feedstocks. Taking into account the 

importance of factors such as particle size, crystallinity and 
accessible surface area in starchy and cellulosic materials, this 
paper also presents a study of the characterization of native and 
enzyme-treated starchy and cellulosic materials after enzymatic 
modifications. Corn, cassava and upright elephant ear are studied 
for starch recovery while, sugarcane bagasse is considered a 
source of fiber with a high cellulose content. Structural and 
thermal properties were compared for each material in its native 
and enzyme-treated states. 

 
2.  Materials and methods 

 
2.1.  Raw materials 

 
Cassava (Manihot esculenta) and yellow dent corn (Zea 

mays) were obtained from a local Colombian market. Sugarcane 
bagasse (Saccharum) was obtained from a small mill, which 
produces commercial sugarcane juice. Upright elephant ear roots 
(Alocasia macrorrhiza), were collected from a farm belonging to 
the National Service of Learning (SENA) in Manizales-
Colombia (center-west of Colombia). These raw materials were 
thoroughly washed with enough water to remove impurities. 
Cassava and upright elephant ear were manually peeled, and then 
processed for starch recovery. Corn grains were separated from 
the corncobs and subsequently processed for starch recovery. 
While, sugarcane bagasse was milled in a mill blade and the 
obtained fibers were dried (for 48 h at 75 ºC) and sieved. 

 
2.2.  Starch recovery 

 
Cassava and upright elephant ear starch were recovered by 

the conventional method used in tropical countries. This 
method consists of root washing, peeling, milling, and filtering 
[15]. The starch solution obtained from filtering was decanted 
for 24 h, after which, the residual liquid was extracted and the 
solid starch was dried at 60 ºC to constant weight. 

Starch from corn was recovered using two methods. In the 
first method (M1) exposed by [16], starch recovery was 
calculated as the ratio of the weight of starch recovered from 
wet milling to the total weight of the starch present in the corn. 
To give a better idea of the work undertaken, Fig. 1 shows the 
experimental procedure followed to recover starch. In the 
second method (M2), lactic acid and sodium bisulfite were used 
for the steeping step, and the starch content was measured 
according to the method reported by [17]. 

 
2.3.  Enzymatic hydrolysis 

 
The hydrolysis of starch from cassava, upright elephant ear and 
corn was conducted with α-amylase (HT-340L, Bacterial 
source: Bacillus licheniformis; supplied by Proenzimas, Cali, 
Colombia), which allows a partial hydrolysis under special 
conditions due to its action on starch polymers. On the other 
hand, Cellulase (Celulase CE 2, Fungal source: Trichoderma 
longbrachiatum; supplied by Proenzimas, Cali, Colombia) was 
used for sugarcane bagasse modification. Before hydrolysis, all 
materials were dried in an oven for 48 h at 60 ºC [18]. Dried 
starches were milled in a ball mill (KM1, Germany) obtaining 
a dry powder. Enzymatic hydrolysis was carried out in a shaker 
(UNITRONIC OR, J.P. Selecta, S.A., Barcelona). 
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Figure 1. Experimental procedure to starch recovery (Method M1).  
Source: The authors 

 
 
Enzymatic modifications were based on procedures exposed 

by [19]. Starch modification using the α-amylase occurred by 
preparing a 1/50 dilution of enzyme in a buffer solution, which 
gave an activity level of 340.000 Modified Wohlhemuth Units 
(1 MWU = quantity of enzyme that will dextrinize one 
milligram of starch in 30 minutes at pH 6 and 50 ºC). The buffer 
was prepared by combining deionized water with 2.4 g/L of 
sodium phosphate (monobasic; Sigma) and 0.39 g/L of sodium 
chloride (Sigma). The pH was adjusted to 6.9 using an aqueous 
solution of sodium hydroxide (Carlo ERBA Reagent). The 
starches where added at 2:3 v/v ratio of starch to enzyme 
solution. The modification took place at pH 6.9 at 25 ºC for 7 
days. The starch was then washed repeatedly and then dried in a 
convection oven for 24 h at 40 ºC. 

Cellulose hydrolysis was carried out with a 1/2 and 1/6 
cellulase solution in citrate buffer at a ratio of 10 ml of the 
enzyme solution to 1 g of sugarcane bagasse. The mixture 
was kept at 50 ºC in a shaker for 6 days. After enzymatic 
hydrolysis of the starchy materials and sugarcane bagasse, 
the reducing sugar concentrations were measured according 
to the method proposed by Nelson and Somogyi [20]. 

 
2.4.  SEM, DSC, XRD and BET analysis 

 
After hydrolysis, several analyses were carried out using 

Scanning Electron Microscope (SEM), Differential Scanning 
Calorimetric (DSC), X-ray Diffraction (XRD) and Brunauer-
Emmett-Teller (BET). All samples were dried in a vacuum oven 
(3 mm Hg) at 60 ºC for 3 days. SEM micrographs were obtained 
in a JEOL JSM-5910LV microscope. Calorimetric plots were 
measured in a DSC Q 100 (Module DSC Standard Cell FC, TA 
Instruments) unit in a temperature range of 25-200 ºC for starchy 
materials and 25-355 ºC for sugarcane bagasse, using a heating 

rate of 10 ºC/min, under nitrogen atmosphere with a flow of 50 
mL/min. The X-ray diffraction plots were obtained in a Rigaku 
(MiniFlex II) unit with CuKα at 30 kV and 15 mA. The 
diffraction angle ranged from 35º to 2º with a scan rate of 5 º/min. 
Finally, the superficial area was determined in a Micromeritics 
ASAP 2020 unit (Micromeritics Instrument Corporation). 

 
3.  Results and discussion 

 
3.1.  Starch recovery 

 
Table 1 shows the moisture, starch yield and the waste 

percentage determined for the starchy materials. From these 
results, we can see that the lowest yield corresponds to 
cassava due to its high moisture content therefore, for this 
raw material, removing water becomes in an important step 
that requires an efficient technique. [21]. Thus, the starch 
recovered from corn using the method M1 had the highest 
yield in contrast to method M2. The highest yield was 
obtained for corn also with method M2. On the other hand, 
cassava showed the highest waste production, while treated 
corn using method M1 showed the lowest. This fact suggests 
that the sugar yield and waste production in the starch 
recovery processes are strongly inversely related. 

Additionally, the cornstarch recovery process generated 
other products, which can be considered commercial 
byproducts in a wet milling or dry milling concepts. In this 
sense, Table 2 shows additional fractions of fiber and gluten 
as byproducts from corn hydrolysis. Thus, starches obtained 
from the three selected raw materials were not completely 
pure given the remaining protein. The starch purities obtained 
were 74.03 ± 0.520 %, 73.92 ± 0.410% and 74.03 ± 0.658 for 
upright elephant ear, corn and cassava, respectively. 

 
Table 1.  
Moisture, starch yield and waste percentage from different starchy sources. 

Raw 
material 

(RM) 
Moisture (%) 

Starch yield 
(starch mass /  

RM 
mass)*100 a 

Waste 
percentage  

(waste mass / 
RM mass)*100 

Upright 
elephant ear  

63.19 ± 0.320 22.25 ± 0.021 53.24 ± 0.019 

Cassava 71.05 ± 0.850 12.91 ± 0.052 79.17 ± 0.048 
Corn “M1” b 46.49 ± 0.540 40.40 ± 0.030 16.03 ± 0.017 
Corn “M2” c 46.49 ± 0.540 34.48 ± 0.007 17.45 ± 0.004 

Source: The authors 
 
Average of two replicates 
a Yield On dry matter percentage  
b M1: Method exposed by [16] 
c M2: Method exposed by [17] 
 

Table 2.  
Additional fractions obtained in the starch recovery from corn. 

Corn 
fractions 

Fresh corn Method (M1) Method (M2) 

Fiber 
15,32 ± 

0,051 
8,50 ± 0,017 13,21 ± 0.021  

Gluten 
12,87 ± 

0,080 
25,98 ± 0,019 24,33 ± 0.028 

Starch 
38,02 ± 

0,023 
40,40 ± 0,030 34,48 ± 0.007 

Source: The authors 
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Average of two replicates 
All yields expressed in dry matter  
 

3.2.  Sugarcane bagasse treatment 
 
Sugarcane moisture was 65.02 ± 0.080 %. The crust 

corresponded to 92.85 ± 0.002% of the dry matter while 
marrow was only 7.15 ± 0.002 % of the dry matter. 
Consequently, the subsequent analyses were performed 
based on sugarcane crust due to its greater contribution. 

 
3.3.  Enzymatic hydrolysis 

 
Conditions and conversion of enzymatic hydrolysis are 

shown in Table 3. The highest starch conversion was reached 
for upright elephant ear starch followed by cassava starch 
[22]. This fact suggests that starch granules from roots are 
more exposed to the enzymatic attack. Sugarcane bagasse 
with a dilution of 1:2 v/v presented grater conversion than 
that obtained from a dilution of 1:6 v/v. This behavior was 
expected due to the low enzyme concentration. 

In the hydrolysis process, α-amylase breaks only the α-
1.4 linkages presented in amorphous zones producing 
glucose units and partial hydrolysis is accomplished by 
correct hydrolysis conditions. This procedure was necessary 
for holding the starch granule structure while exposing the 
hydroxyl groups of the amorphous starch chain. A similar 
process occurs with the cellulose from sugarcane bagasse. In 
the partial acid hydrolysis, cellulose was broken down into 
cellobiose (glucose dimer), cellotriose (glucose trimer), and 
cellotetrose (glucose tetramer), whereas upon complete acid 
hydrolysis, it is broken down into glucose. The -1,4 
glycoside linkages cause cellulose to be in a low surface area 
crystalline form. 

 
Table 3.  
Conditions and conversions of enzymatic hydrolysis. 

Raw 
material 

Dilution 
a 

Activity 
Tem. 
(ºC) 

pH 
% 

Conversion 
d 

Upright 
elephant 
ear starch 

1:50 
340.000 

MWU/ml 
b 

25 6,9 
15.17 ± 
0.285 

Corn 
starch 

1:50 
340.000 

MWU /ml 
b 

25 6,9 
11.41 ± 
0.621 

Cassava 
starch 

1:50 
340.000 

MWU /ml 
b 

25 6,9 
13.28 ± 
0.542 

Sugar 
cane 

bagasse 
1:2 

11.000 
ECU/ 

g±5% c 
50 4,9 

12.09 ± 
0.747 

Sugar 
cane 

bagasse 
1:6 

11.000 
ECU/ 

g±5% c 
50 4,9 6.32 ± 0.097 

a Defined as enzyme volume : solution volume. 
b MWU = Modified Wohlhemuth = one unit is the quantity of enzyme 
that will dextrinize one milligram of starch in 30 minutes at pH 6 and 50 
ºC. 
c ECU/g±5% = one unit is the quantity of enzyme that will hydrolyze one 
gram of de hydroxiethilcellulose at 50 ºC and pH 4,8. 
d Defined as (gram glucose formed / gram material initially present)*100. 

Source: The authors 
 

3.4.  SEM, DSC, XRD and BET analysis 
 

3.4.1.  Analysis of SEM micrographs 
 
Scanning electron microscope (SEM) images of the 

starch granules and bagasse are shown in Fig. 2. 
Native upright elephant ear starch granules (Fig. 2a) are 

particles with spherical and ovoidal shapes with diameters of 
between 5 and 15 µm and a smooth surface. Enzyme-treated 
upright elephant ear starch tends to get agglomerated while 
native granules were scattered. Modified starch granules 
changed their diameters to 1-5 µm, and their shape was 
altered obtaining irregular arrangements with a rough surface 
(see Fig. 2b). Native starch granules from corn are shown in 
Fig. 1c, the particles presented a spherical shape with some 
irregularities, diameters of between 5 and 10 µm and a semi-
porous surface. Enzyme-treated cornstarch granules kept 
their size but presented some fractures due enzymatic attack 
(see Fig. 2d). 

Micrograph from Fig. 2e shows native cassava starch 
granules, which present irregular shapes and sizes (between 

 

 
Figure 2. SEM micrographs of native and enzyme-treated materials: (a) 
native and (b) enzyme-treated upright elephant ear starch granules, (c) native 
and (d) enzyme-treated corn starch granules, (e) native and (f) enzyme-
treated cassava starch granules, (g) native and (h) enzyme-treated sugar cane 
bagasse.  
Source: The authors 
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5 and 10 µm) with a smooth surface. Enzyme-treated cassava 
starch granules, as well as upright elephant ear starch, tend to 
agglomerate but to a lesser extent. Fig. 2f shows the 
deterioration caused by enzymatic action, but with no change 
in the size. Enzymatic treatment generated deformations and 
breaking of the granules but no pores on the particle surface 
[22]. 

In general for all starches, enzyme treatment did not 
create new visible pores, but did cause some fractures and 
shape alteration, the most appreciable enzymatic effect 
occurred with upright elephant ear starch granules. Here, α-
amylases did not have the ability to create pores on particle 
surfaces as observed by other authors using glucoamylases as 
a modifying agent [23,24]. 

Native bagasse fibers are shown in Fig. 1g. These are 
elongated with lengths of over 200 µm and are formed with 
several smooth surface layers. Hydrolyzed bagasse fibers 
with an enzyme to buffer ratio of 1:2 v/v are shown in Fig. 
1h. There is evidence of layers breaking by enzymatic action 
exposing the inner channels of the fiber, but fiber length was 
kept after hydrolysis. Bagasse fibers hydrolyzed with an 
enzyme to buffer ratio 1:6 v/v, presented minor signs of 
enzymatic degradation. 

 
3.4.2.  Analysis of XRD plots 

 
XRD patterns for starchy materials are shown in Fig. 3a. 

The patterns and characteristic of the starches are similar; 
however, the difference depends on the natural source of each 
starch. According to starch classification from X-ray 
diffraction, starch form Corn is classified as type A, because 
it presents the highest peaks at around 2θ (angle of 
diffraction) values of 14.92º, 17.18º, 17.8º and 22.7º, which 
are characteristic angles for this sort of starch [25]. Thus, 
upright elephant ear and cassava starch presented the 
maximum peak at 16.82º and 16.98º, respectively. Moreover, 
it has peaks of less intensity at 2θ values of 20.80º, 22.86º and 
24.20º for upright elephant ear starch and 19.70º, 22.8º and 
24.2º for cassava starch. As a result, upright elephant ear and 
cassava starches were classified as type B. 

Crust and marrow bagasse have different structures and 
crystallinity because crust bagasse presented two diffraction 
peaks at 2θ values, (18.04º and 21.9º). However, marrow 
bagasse presented only a peak at 2θ values (21,86º), which is 
characteristic of the cellulose structures [26,27]. 

Fig. 3b shows the diffraction patterns for native and 
enzyme-treated upright elephant ear starch. Enzyme-treated 
upright elephant ear starch presents peaks with more intensity 
and definition than native starch suggesting that crystallinity 
was increased. Enzymatic attack promoted the formation of 
two peaks at 2θ values of 14.98º and 17.84º, the XRD pattern 
being more similar to a type A starch. Fig. 3c shows native 
and enzyme-treated cornstarch which did not present 
differences in 2θ values for their diffraction peaks. 
Nonetheless, these peaks were more defined and with greater 
intensity for enzyme-treated starch, indicating that hydrolysis 
generated a more crystalline structure. The latter also 
happened to upright elephant ear starch. Fig. 3d shows the 
enzyme-treated cassava starch which presents diffraction 
peaks at 2θ (14.92º and 17.76º), indicating that the XRD  

 
Figure 3. XRD plots of native and enzyme-treated materials: (a) native raw 
materials, (b) native and enzyme-treated upright elephant ear starch 
granules, (c) native and enzyme-treated corn starch granules, (d) native and 
enzyme-treated cassava starch granules, (e) native and enzyme-treated sugar 
cane bagasse (Enzyme/ buffer ratio 1:2).  
Source: The authors 

 
 

pattern was more similar to a type A starch. Diffraction peaks 
for this starch presented less intensity. Fig. 3e shows the 
hydrolyzed crust bagasse, which exhibited defined 
diffraction peaks and high intensity for both evaluated ratios 
(1:2 v/v and 1:6 v/v). This Figure also shows the diffraction 
pattern for enzyme to buffer ratio of 1:2 v/v. Bagasse became 
more crystalline with the enzyme treatment. As a 
consequence, enzymatic hydrolysis promoted the 
crystallinity by attacking the amorphous zones first. 

 
3.4.3.  Analysis of BET surface area 

 
Nitrogen adsorption isotherms were obtained using the 

BET method. According to Brunauer’s classification [28], all 
starchy materials exhibited type II isotherms (Isotherm with 
large deviation from Langmuir model absortion) with 
hysteresis from the middle zone of the curve indicating the 
presence of meso and macro pores. Sugarcane bagasse also 
showed a type II isotherm with a more pronounced 
hysteresis. This indicates that at high pressures, condensation 
in meso and macro pores is higher, which makes it more 
difficult to evaporate the nitrogen. Considering the latter, 
Table 4 shows the structural parameters obtained from the 
isotherms by the BET method. 

Upright elephant ear starch was the material with the 
highest superficial area for both native and enzyme-treated 
cases. Enzymatic hydrolysis did not significantly change the 
superficial area for all tested materials. The specific surface 
areas obtained are low compared to other commercial 
materials. As a result, there is concern about the viability of  
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Table 4.  
Structural and adsorption parameters for the evaluated materials. 

Raw material 
Superficial area 

BET (m²/g) 
Dp BJH a 

(Å) 
Vp BJH b 
(cm3/g) 

Upright elephant ear 
starch 

2.1695 ± 0.0193 181.967 0.008031 

Enzyme-treated 
upright elephant ear 
starch 

2.8686 ± 0.0219 96.186 0.007675 

Corn starch 0.9816 ± 0.0039 157.670 0.003761 
Enzyme-treated corn 
starch 

0.8267 ± 0.0064 168.129 0.002807 

Cassava starch 0.4984 ± 0.0042 143.669 0.001266 
Enzyme-treated 
cassava starch 

0.6625 ±0.0163 208.422 0.001125 

Sugarcane bagasse 1.0058 ± 0.0913 136.012 0.003765 
Enzyme-treated 
sugarcane bagasse  

1.0945 ± 0.0436 172.946 0.003266 

a BJH (Barrett-Joyner-Halenda). Desorption average pore diameter. 
b BJH (Barrett-Joyner-Halenda). Desorption cumulative volume of 
pores. 

Source: The authors 
 
 
using these materials as adsorbents. However, it is 

important to evaluate the performance of these materials as 
adsorbents in dehydration processes. This is relevant since 
enzymatic treatment may have exposed more functional 
groups (hydroxyl groups) that can absorb water. However, 
such groups could not be found using the BET method. Thus, 
pore diameters obtained by the BJH method [29] confirmed 
the existence of macro pores in the studied materials. 

 
3.4.4.  Analysis of DSC plots 

 
Fig. 4 shows the DSC patterns for native and enzyme-

treated materials. DSC patterns for starches show the 
endothermic transition known as gelatinization, which occurs 
when the starch is heated in presence of water. Excess water 
was used to ensure the existence of a single peak. The onset, 
Ti, and the peak, Tp, temperatures were determined from the 
intercepts with the baseline. Fig. 4a shows the DSC pattern 
for native upright elephant ear, cassava, and corn, for which 
gelatinization peak temperatures were 62.02 ºC, 62.79 ºC and 
73.07 ºC respectively. This is in alignment with literature 
values for corn and cassava starch [30]. There is no open 
literature reporting on the thermal properties of upright 
elephant ear starch. 

Peak temperatures for cassava and upright elephant ear 
starches were similar, while cornstarch had a peak 
temperature 10 ºC higher than the roots. Other authors have 
reported that at higher temperatures, the granular structure 
has more ordered areas [31]. It has also been suggested that 
gelatinization of large starch particles occurs at a lower 
temperature than that of small particles [32]. 

Fig. 4b shows the change in onset and peak temperatures 
by enzymatic hydrolysis of upright elephant ear starch. Onset 
and peak temperatures were increased by 4 ºC and 7 ºC, 
respectively. The latter suggests that upright elephant ear 
starch became more crystalline. Degradation temperature was 
affected too, changing from 193.5 ºC to 162 ºC. This fact 
represents that thermal stability is decreased with partial 
hydrolysis. On the other hand, Fig. 4c shows that gelatinization 

 
Figure 4. DSC plots native and enzyme-treated materials: (a) native raw 
materials, (b) native and enzyme-treated upright elephant ear starch, (c) 
native and enzyme-treated cornstarch, (d) native and enzyme-treated cassava 
starch, (e) native and enzyme-treated sugar cane bagasse.   
Source: The authors 

 
 

temperatures for cornstarch were not significantly altered. 
However, the degradation temperature decreased with de 
partial hydrolysis, implying the existence of some structural 
change. Degradation temperatures for native and enzyme-
treated cornstarch were 174 ºC and 152 ºC, respectively. 

Fig. 4d shows that gelatinization temperatures for cassava 
starch were not significantly altered. However, the 
degradation temperature increased with the partial 
hydrolysis, suggesting that some structural changes occurred. 
Degradation temperatures for native and enzyme-treated 
cassava starch were 168 ºC and 179 ºC, respectively. In 
general, gelatinization temperatures had the tendency 
increase with partial hydrolysis. This increment was related 
to the increase of crystallinity and decreasing particle size. 

Finally, Fig. 4e shows that sugarcane bagasse did not 
present melting curves because of the high cristallinity of 
cellulose. Some small curves were obtained but these 
correspond to water elimination. In the evaluated range of 
temperatures, the degradation temperature was not reached. 

 
4.  Conclusions 

 
Both, starchy and cellulosic materials presented changes 

after enzymatic modification. Size reduction, shape 
alterations, fractures, changes in the surface area, and pore 
formation the most important changes caused by the 
enzymatic modification. 

From the raw materials used, corn and upright elephant 
ear presented the highest starch yield and reducing sugar 
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production respectively. Sugarcane bagasse did not require a 
further recovery process, and only a structural components 
separation (such as crust and marrow) was necessary. In 
general, enzymatic treatment increased crystallinity as shown 
in XRD patterns. Enzymatic hydrolysis generated alterations 
over starch granules as was observed in SEM images. 

Upright elephant ear starch granules were more affected 
by hydrolysis than other materials, suffering a greater size 
reduction. The enzyme altered the surfaces of both, corn and 
cassava, but particle size was not affected. Enzymatic 
hydrolysis of sugarcane bagasse showed an appreciable fiber 
alteration exposing its inner channels. This work reveals that 
analyses of these types of materials are necessary to 
understand and evaluate the performance of the enzymatic 
hydrolysis as they offer valuable information about the 
influence of the structural and thermal properties on their 
adsorption performance. 
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Abstract  
The efficiency of a Weibull demonstration test plan is completely determined by the total experimental time (Ta), which depends on the unknown 
sample size (n) and on the Weibull shape parameter (β). Thus, once β was selected, Ta depends only on n. Unfortunately, because n was estimated by 
the parametrical binomial approach, then if the confidence level C was higher than 0.63, n, and as consequence Ta, was overestimated, (For C<0.63, 
they were underestimated). On the other hand, in this paper, because the intersection between n and β, for which Ta was unique, was found with n 
depending only on R(t), then the estimation of Ta was optimal. On the other hand, since once β was selected, η was completely determined, then β and 
η were used to incorporate the expected failure times of the operational level in an accelerated life test analysis (ALT). Numerical applications are given. 
 
Keywords: Weibull demonstration test plan, Success run testing, Lipson equality, Accelerated life testing. 

 
 

Tamaño de muestra robusta para planes de demostración weibull 
 

Resumen 
La eficiencia de un plan de demostración Weibull está completamente determinada por el tiempo total de experimentación (Ta) el cual depende 
del tamaño de muestra desconocido (n) y del parámetro de forma Weibull (β). De esa forma, una vez que β fue seleccionada, Ta depende sólo de 
n. Desafortunadamente, debido a que n es estimada a través del método binomial paramétrico, entonces si el nivel de confianza C es mayor de 
0.63, n y como consecuencia Ta, son sobre-estimados (para C<0.63, estos son subestimados). Por otro lado, en este artículo, debido a que la 
intersección entre n y β, para la cual Ta es única, se encontró con n dependiendo sólo de R(t), entonces la estimación de Ta es óptima. Por otro 
lado, dado que una vez que β fue seleccionada, η está completamente determinada, entonces β y η fueron utilizadas para incorporar los tiempos 
de falla esperados del nivel operacional en un análisis de prueba de vida acelerada (ALT). Aplicaciones numéricas son dadas. 
 
Palabras Clave: Planes de demostración Weibull, Rachas exitosas, Desigualdad de lipson, Pruebas de vida acelerada. 

 
 
 

1.  Introduction 
 
In reliability engineering, because of its flexibility the 

Weibull distribution is one of the most commonly used 
probability density functions to model the behavior of a 
product or process trough the time [6]. Moreover, since the 
lower reliability index could be seen as an index of stability 
(quality through the time), the Weibull demonstration test 
plans are performed without failures in order to determine 
whether the product fulfills its designed reliability R(t). On 
the other hand, to perform the test plan, we must know; R(t), 
the designed life time (td), the operational environmental, the 

                                                      
How to cite: Piña-Monarrez, M.R., Ramos-López, M.L., Alvarado-Iniesta, A. and Molina-Arredondo, R.D., Robust sample size for weibull demonstration test plan. DYNA 83(197), 
pp. 52-57, 2016. 

desired confidence level (C) and the Weibull shape parameter 
β. Regardless of this knowledge, given that the test plan is 
completely determined by the total experimental time Ta, and 
because for a known β , Ta depends only on the sample size 
n, then the efficiency of the test plan depends on the accuracy 
with which n is estimated. In practice, the parametrical 
binomial approach, considering a constant failure rate p ([2] 
chapter 9, [5] and section 2.2), is used to estimate n. 
Unfortunately, if C higher than 0.63, n is overestimated, and 
as a consequence Ta is overestimated too. To solve this 
problem, and based on the fact that for constant β, Ta is 
directly related to the Weibull scale parameter η, then based 
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on the addressed relations among η, n, R(t) and β, and on the 
found intersection between n and β for which Ta  is unique, 
in this paper a method to estimate n in closed form, but 
independent of β, is given. Moreover, because n was found 
to be depending only on the known R(t) index, the estimated 
Ta is completely representative of the designed test plan.  

On the other hand, in order to show how to proceed under 
time or lab restrictions, by using the above estimated n, the 
Lipson equality is applied to perform a tradeoff between n and 
the experimental time Ti for which Ta is constant. Finally, 
because n is directly related with R(t), in section 5.1, we show 
how it could be used in the median rank approach to incorporate 
the expected lifetimes of the operational level if an accelerated 
life test analysis (ALT) has to be used. The paper structure is as 
follows. Section 2 addresses the problem statement. Section 3 
presents the proposed method. Section 4 offers the application 
and comparison between the proposed method and the binomial 
approach. Section 5 outlines the steps to incorporate the failure 
times of the operational level into the ALT analysis. Section 6 
presents the conclusions. Finally, the paper ends with the 
references in section 7. 

 
2.  Problem statement 

 
Since a Weibull demonstration test plan is performed without 

failures, the Weibull parameters β and η could not be estimated. 
Thus, the efficiency of the test plan depends completely on the 
accuracy on which Ta is estimated. But, because Ta for constant β 
depends only on n, then the efficiency of the test plan now only 
depends on the accuracy with which n is estimated. Regardless 
of this, since n is estimated by the parametrical binomial 
approach considering a constant failure rate p, and a confidence 
interval C, then when C higher than 0.63 is selected, n is 
overestimated and for C lower than 0.63 n is underestimated. The 
overestimation (or underestimation) of n directly implies that Ta 

is overestimated (or underestimated) also. Observe that this 
means that the test plan fails to demonstrate whether the product 
fulfills its designed R(t) index. On the other hand, although in 
practice, β is selected from a historical data set (or engineering 
knowledge), because its value depends on the material 
characteristics [18], and on the variability of the manufacturing 
process [13], here the analysis is presented in two parts. The first 
is conducted to address the effect that the uncertainty of β has on 
Ta, and the second is conducted to statistically identify the 
disadvantages that the use of the binomial approach has on the 
estimation of n. To do this, let us first present the β analysis. 

 
2.1.  Shape parameter analysis 

 
Since for non-failures Weibull analysis Ta is cumulated as 
 

* β
iaT n T      (1) 

 
Where Ti is the unite experimental time, which is selected 

as the designed time (Ti = td), the value of β has a big impact on 
Ta, [see [12] and [15] sec. 2.3] and because in the Weibull 
demonstration test plan there is no failures information to 
estimate β, and due to the fact that its estimation depends on the 
variability of the manufacturing process [13], in practice β is 
selected from tabulated data sets. Moreover, because of the 

Weibull closure property (β has to be constant), once the β 
value is selected it has to be considered constant in the analysis 
[16]. On the other hand, regardless which value of β we had 
selected, once it was assigned, the efficiency of the test plan 
depends on the scale parameter η. Thus, we are now interested 
in how to estimate Ta in function of η. However, because there 
are no failures, the lower expected limit of ( )R t  has to be used. 
That is, that the lower limit of η, here called (ηL), has to be 
estimated. According to [10] and [11], ηL is given by 
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Where α is the significant level and r is the number of 

observed failures. On the other hand, since equation (2) for 
zero failures, with C representing the desired confidence 
level and Ti equal to td, is given by 
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Then by selecting  11C e   in (3), the relation 

between ηL and Ta is given by 
 

LaT       (4) 

 
Clearly from (4), Ta is in function of β, which in practice 

is selected from a data set (or engineering knowledge). Now, 
let us focus on the uncertainty of n. 

 
2.2.  Binomial approach analysis 

 
Given that the Weibull demonstration test plan, the 

parametric binomial approach used to determine n (see [2] and 
[5] chapter 9)  is based on the binomial distribution given by 

 

( )!
( )   x=0,1,2,...,n

( )! !
x n xn

p x p q
n x x




  (5) 

 
which, instead of considering the time and the risk 

function to determine n, considers a constant failure rate p 
and a confidence level C to model the uncertainty on R(t), 
then n is not optimal. Given this, first let us analyze how the 
estimation of n is formulated. In doing so, we can see that 
because no failures are allowed (x=0), the lower confidence 
of R(t) has to be used. Thus, C based on the fact that if n items 
are tested and k=1,…, n of them fails, C is given by 
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In (6), R represents the lower confidence of R(t). In (6), R 
is used instead of R(t) because the binomial approach does 
not consider the time variable t. Therefore, equation (6) with 
zero failures ( 0)x   is given by  

 

 R 1–  Cn      (7) 

 
Finally, by rearranging terms, n is given by 
 

ln(1 –  C)
n=

ln R(t)
    (8) 

 
Function (8) is known as success run testing [5]. Second, 

suppose that our customers are asking us to demonstrate 
using C=0.90, if their product fulfills R(t)=0.96 for 
td=1500hrs. In addition suppose, that from historical data, we 
know that β=2.5. Thus, by using (8), we have to test without 
failures n=57pcs for 1500hrs each. Thus, observe from (1) 
that Ta=57*1500^2.5=4967101142 and from (4) that 
η=7558.59718. With this information, since we now know β 
and η, then by using these parameters in the Weibull 
reliability function given by 

 

( ) exp

t

R t




 

 
      (9) 

 
We note that the demonstrated R(t), for td=1500hrs, is 

R(t)=0.9826, instead of the planned R(t)=0.96. Thus, because 
R(t) and β are known, we conclude that the C value used in 
(8) overestimated n, and that, as a consequence, Ta defined in 
(1) was overestimated too.  

In contrast, observe that for C=0.50, n=17pcs, 
Ta=1481416130 and η=4658.7652, with R(t)=0.9428. That is 
to say that for C=0.50, n was underestimated. Thus, a C value 
between 0.5 and 0.9 for which n is optimal exists. In the next 
section, this value is statistically addressed and generalized 
to any desired R(t) and β value.  

 
3.  Proposed method  

 
Given that the goal of the proposed method is to remain 

practical, first let us show how the binomial approach, the 
Lipson equality, and the Weibull reliability function are 
related. In doing so, we can first see that because Ta 
completely determines R(t), the analysis is based on Ta. 
Second, we can see that for constant β, Ta depends only on n. 
Finally, note that regardless how β, and n were estimated, 
once their values were selected, a tradeoff between n and Ti 
for which Ta remains constant could be made by applying the 
Lipson equality (see [5]) as follows. The Lipson equality is 
formulated by replacing R given in (7) with the Weibull 
reliability function defined in (9). After the replacement, the 
equality is given by  

 

1

( ) (1 ) exp

t

nR t C




 

 
        (10) 

 

From (10), by taking logarithms and by rearranging 
terms, the sample size n in the Lipson equality is given by 

 
ln(1 –  C)

n=
L ln R(t)β

    (11) 

 
In (11), L represents one life of the product L= td. 

Function (11) is known as Lipson equality (or extended life 
approach) and it relates the binomial approach and the 
Weibull reliability function. Finally, from (11), it is clear that 
it works regardless of how n and β were selected. Thus, in the 
same way as Ta, its efficiency depends on how n is estimated. 

On the other hand, in order to estimate Ta accurately, by 
substituting (8) in (2), ηL is found to be depending only on 
R(t) and β as in (12). 

 
1

ln( ( ))
i

L
T

R t

 
 

 
 
  

   (12) 

 
Then based on (12), and by selecting n as in (13).  
 

1 / ln( )tdn R      (13) 
 
the relation between Ta and ηL as in (4), is given by 
 

*
L

iaT n T
          (14) 

 
From (14), Ti is given by 
 

1

* ln( ( ))
d

i
d

t
T

n R t

  
  
  

   (15)  

 
And clearly, since there no failures are allowed, then we 

can select i dT t , thus η is given by 
 

1/ 1/
i dn T n t      (16) 

 
From (16), since i dT t  is known, and n is directly related 

to R(t) as in (13),  now depends only on the selected β value. 
On the other hand, observe that n in (13) is estimated regardless 
of the value of β. Seeing this numerically, suppose we are 
determining ηL defined in (12) by a designed time td=1500hrs, 
and suppose we desire to demonstrate a reliability of R(t)=0.90. 
Furthermore, suppose that from historical data (or engineering 
knowledge), we know that β ranges from 1.5≤ β ≤3. Then by 
testing different n values for β=1.5 and β=3, as in Table 1, we 
found that Ti shifts its behavior from higher to lower, implying 
that an intersection for which Ti is equal to both β values exists. 
And because, this intersection corresponds exactly to the n value 
defined in (13), and it does not depend on β, we conclude that 
by estimating n using (13), the proposed method is robust under 
the uncertainty that β has over Ta. In particular, we can see from 
Table 1 and Fig. 1 that for i dT t  n is as in (13) and R(t) is as 
expected for both values of β, and that ηL is as in (12). 
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Table 1. 
Experimental time for different sample sizes. 
Sample Shape Parameter Reliability Experimental Time 

N β=1.5 β=3 R(t)β=1.5  R(t) β=3 Ti β=1.5 Ti β=3 
5 4386.03 2564.96 0.82 0.82 2299.64 1857.27 
6 4952.89 2725.68 0.85 0.85 2036.44 1747.76 
7 5488.96 2869.40 0.87 0.87 1837.56 1660.22 
8 6000.00 3000.00 0.88 0.88 1681.05 1587.94 
9 6490.12 3120.13 0.89 0.89 1554.10 1526.81 

9.4912 6724.18 3175.89 0.90 0.90 1500.00 1500.00 
11 7419.13 3335.97 0.91 0.91 1359.49 1428.02 
12 7862.22 3434.14 0.92 0.92 1282.88 1387.20 
13 8293.16 3527.00 0.93 0.93 1216.22 1350.67 
14 8713.18 3615.21 0.93 0.93 1157.59 1317.72 
15 9123.30 3699.32 0.94 0.94 1105.55 1287.76 

Source: The authors 
 
 

 
Figure 1. Intersection for the shape parameter 
Source: [2], p.46 

 
 
That is, data in this intersection holds with equations (12) 

to (16). The steps to apply the proposed method are as 
follows. 

 
3.1.  Steps of the proposed method  

 
In order to demonstrate whether a product fulfills its 

designed reliability, the following steps were taken.  
1. Determine the reliability level R(t) index to be 

demonstrated, the operational environmental to be tested 
and the design time td.  

2. Determine the value of β to be used. A base line product, 
engineering knowledge or historical data could be used to 
select the most suitable β value. 

3. By using (13) with the R(t) level of step 1, determine the 
sample size n to be tested without failures during the td 
lifetime each. 

4. If there are experimental or time restrictions, perform the 
desired tradeoff between n and td, using (11) with 
C=0.63212. 

5. Test each specimen by td lifetime and, if neither of them 
fails, go to step 6. If one of them fails, go to step 7. 

6. By using (12) or (16), estimate the expected ηL value. And 
by using ηL, td and the selected β value in (9), determines 
the demonstrated R(t) value, and draw your conclusions. 

7. Correct and reinforce the design (or process) and go to 
step 1. 

8. If you are performing an accelerated life testing, and the 

normal operational conditions could not be applied to the 
experiment, follows the steps given in section 5.1. 
 

4.  An application 
 
As an application, first consider the data in section 2.2, 

(R(t)=0.96, C=0.90 and C=0.50, td=1500hrs and β=2.5), With 
this information obtained by using (13) in step3, we have to 
test n=24.49≈25pcs for 1500hrs each. And by using (1) or 
(14) with β=2.5, Ta=2134685635hrs and by using (12) or 
(16), ηL=5391.797. Thus, by applying (9) the demonstrated 
reliability, is R(t)=0.96 as was planned.  

On the other hand, suppose that because of the lab 
capacity, we can run each test for no more than 3000hrs; 
(L=2lifes), then by using (11) with C=0.63212, we have to 
run n=4.33≈5pcs without failures for 3000hrs each, and from 
(1) or from (14) 2.55 * (3000) 2464751.509aT hrs   and 

from (12) or (16) ηL=5710.96hrs, and by using ηL in (9), the 
demonstrated reliability, as planned, is R(t)=0.96.  

Finally, since n in (13) depends only on R(t), and because 
R(t) is used in the response variable of the median rank 
approach, in the next section, n is used to incorporate the 
expected normal operational lifetimes into an accelerated life 
time analysis.  

 
5.  Weibull accelerated life test planning 

 
In Weibull accelerated life test analysis (ALT) for 

constant and interval valued variables, the shape parameter β 
is considered constant in the analysis due to the Weibull 
closure property [16]. Thus, the reliability index R(t) depends 
only on η ([4], [7] and [9]),  which in ALT is estimated as a 
linear function of the covariates by using a life/stress models 

{ ( )}Lir X t  [1], [3], [7] and [10], as follows 
 

{ ( )}Li Lir X t      (17) 
 
Here, it is important to note that in (17) for constant over 

time stress variables { ( )}Lir X t  is parametrized as 
 

{ ( )}
t Z

Lir X t e   (18) 
 
Where β is a vector of regression coefficients to be 

estimated and Z is a vector of the effect of the related stress 
variable (e.g. in Arrhenius Z=1/T where T is the temperature 
in Kelvin degrees). Thus, by using the Weibull density 
function given by 

 
-1

t t
f(t)= exp  

 

  

         
     

    (19) 

 
the Weibull/life/stress parameters are estimated by 

substituting η in (19) with the corresponding { ( )}Lir X t  
model defined in (17) or (18). For example suppose that the 
stress variable is the temperature, then the Arrhenius model 
is used. The Arrhenius model is given by 
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Table 2. 
Doe for ALT analysis 

Stress 
Level 

Replicates Parameters 

R1 R2 … Rm Shape Scale 

1 Y11 Y12 … Y1m β η1 

2 Y21 Y22 … Y2m β η2 

3 Y31 Y32 … Y3m β η3 

Source: The authors 
 
 

{ ( )}

B

T
Lir X t C e

 
 
      (20) 

 
Thus, the Weibull/Arrhenius model is given by 
 

1 1 1
β-1 β

B B B
- - -

T T Tβ t t
= e e exp - e  

A A A
f(t / T)

     
     
     

                 

   (21) 

 
in (21) the Weibull/Arrhenius parameters are estimated in 

joint form by using the maximum likelihood method. 
On the other hand, observe that the lifetime data is 

collected by using an experiment design (DOE) (see Table 
2), and that for each replicated level, we estimate its 
corresponding Weibull parameters. 

Thus, since, as in (16), n in the DOE determines the 
accuracy with which η is estimated, in order to show how n 
could be used to incorporate the expected failure times in an 
ALT analysis, first note that because under multiple linear 
regression, the Weibull parameters of each replicate level of 
the DOE are estimated by the median rank, approximation 
given by 

 
i - 0.3

Median Rank (50%) = =
n + 0.4

F(t)    (22)  

 
where, i represents the ordered rank statistic and F(t) is 

the empirical estimation of the cumulative probability 
function [F(t)=1 – R(t)], then (22) highly depends on n too. 
Second, observe that because (22) was constructed based on 
an area given by 2 ( 1) 1a n b    (for details see [8]), where 
b represents the amplitude (width) of the (n–1) intervals 
given by 1/ ( 0.4)b n   which for high percentiles (p>0.85) 
tends to be R(t) [1/ ( 0.4) ( )]n R t   (e.g. for ( ) 0.96,R t   

b=[1/ (24.4966 0.4) 0.96]  ), then because n in (13) 
depends only on R(t) and since R(t) is generally higher than 
0.85, then the use of (13) in (22) is useful. On the other hand, 
by taking the linear form of (9) as 

 
ln( ln( ( ))) ln( ) ln( )R t t         (23)  
 
The expected times of the operational level can be 

estimated and incorporated to the ALT analysis as in the next 
section.  

 
5.1.  Application to ALT analysis. 

 
As an application, let us use data given in Table 3. Data 

was published by [17]. Suppose the normal operational 
temperature level is 323K and the design time is td=15000hrs. 
The analysis to incorporate the expected lifetimes of the 
323K level into the analysis is as follows. 
1. For each ALT level, by applying (13) with the desired 

R(t) level, determine the number of replicates to be tested. 
Here R(t)=0.90 was used, thus n=10pcs.  

2. Perform the experiment, and for each replicated level, 
estimate the Weibull parameters β and η (here β should 
be constant).  

3. Using the estimated n and β value in (16), estimate the 
corresponding ηL value. (here it is ηL =101/4.2206 
(15000)=25883.58312hrs). 

4. Using (22) with n given by (13), estimate the expected 
R(ti) value for each of the order statistics. Then by using 
these R(ti) values, the β and the ηL values in (23), solve 
(23) to ln(t) and then determine the expected failure times 
of the operational level to each order statistic. (In our 
case, the expected failure times appear in the last row of 
Table 3). 

5. By using the incorporated expected times, and the 
experimented accelerated lifetimes, perform the 
estimation of the Weibull/Life–stress parameters. Here, 
the analysis, by using the ALTA routine and (21), yield 
to β=4.3779, B=2308.4884 and A=19.8667.  

6. Finally, by using the parameters of step 5, determine the 
desired reliability indexes.  
To conclude, observe that the data in Table 3, for 

td=15000, R(t) is of R(t)=0.90 as was expected. In particular, 
note that without incorporating the operational times, the 
estimated R(t) for the operational level is of 323K, instead of 
the designed R(t)=0.90, would be R(t)=68.33%.  

 
 
 
Table 3. 
Data for Weibull Arrhenius analysis. 

Stress 
Time Parameters by RXX 

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 η β 

393K 3850 4340 4760 5320 5740 6160 6580 7140 7980 8960 6668.7828 4.2206 

408K 3300 3720 4080 4560 4920 5280 5640 6120 6840 7680 5716.0996 4.2206 

423K 2750 3100 3400 3800 4100 4400 4700 5100 5700 6400 4763.4163 4.2206 

 Expected data for operation stress level   

323K 13769.50 17206.91 19468.73 21304.73 22945.13 24508.69 26086.29 27783.98 29795.04 32746.95 25883.5831 4.2206 

Source: The authors 
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6.  Conclusions 

 
In Weibull demonstration test plans, the binomial 

approach for confidence levels higher (lower) than 0.63212, 
overestimate (sub-estimate) R(t); thus, C should not be 
selected lower than 0.63212, and if it is selected higher, it 
should be selected close to 0.63212, say 0.7. In the proposed 
method, given that n depends only on R(t) which is always 
known, the designed and the demonstrated R(t) value always 
holds. On the other hand, observe that because data is 
gathered by using an experiment design where each row 
represents a different form to run the process, then the β 
parameter does not remain constant and as a consequence, the 
multivariate approach using the Taguchi method as in [14], 
should be used. Given that in the estimation process, the 
value of β depends on the variance of the logarithm of the 
failure times, which depends on the control of environmental 
factors (see [13] and [14]), its value must be selected from a 
data set that covers the variability of the manufacturing 
process in its interval.  

Although, the proposed method allows practitioners to 
incorporate the expected operational times to the ALT 
analysis, it is important to note that their efficiency 
corresponds to the efficiency of the median rank approach 
and on the assumption of a constant β. Finally, it is important 
to note that although it may seem that n could be used to 
incorporate the expected times in the ALT analyses where the 
Weibull closure property does not hold (β is not constant), as 
is the case of ALT analysis with several variables, more 
research is required.  
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Abstract 
The authors propose a new hardening rule for constitutive models based on the subloading concept. This concept allows a smooth transition 
between unloading and reloading. Most importantly it characterizes the soil with a single set of parameters regardless of its initial density 
state. The new rule aims to improve the original model proposed by the last author. The original version included a linear evolution rule 
for the sake of simplicity, but did not include any empirical evidence for such law. This new version proposes an exponential law that 
provides a better fit to the experimental data. This law requires only two parameters with a clear physical interpretation. These parameters 
can be obtained from simple one-dimensional compression tests. The model was based on controlled tests performed with glass spheres, 
but was applied to real granular and clay soils. The results show that the model can very successfully reproduce the behavior of real soils. 
 
Keywords: yield condition, constitutive relations, elastic-plastic material, laboratory tests. 

 
 

Una nueva regla endurecimiento para modelar el efecto de la 
densidad en el comportamiento de los suelos 

 
Resumen 
Los autores proponen una nueva ley de endurecimiento para modelos constitutivos basados en el concepto subloading. Este concepto permite 
una transición suave entre la descarga y la recarga. Lo más importante es que caracteriza el suelo con un único grupo de parámetros, 
independientes de la densidad inicial. La nueva regla busca mejorar el modelo original propuesto por el último autor. La versión inicial incluía 
una regla de evolución lineal en aras de la simplicidad, sin incluir pruebas empíricas de dicha ley. Esta nueva versión propone una ley exponencial 
que se ajusta mejor los datos experimentales. Esta ley requiere sólo dos parámetros, con una interpretación física clara, obtenidos a partir de 
ensayos simples de compresión unidimensional. El modelo se basó en ensayos controlados con esferas de vidrio, sin embargo, fue aplicado a 
suelos granulares y arcillosos. Los resultados muestran que el modelo puede reproducir muy bien el comportamiento de suelos reales. 
 
Palabras clave: condición de plastificación, relación constitutiva, material elastoplástico, ensayos de laboratorio. 

 
 
 

1.  Introduction 
 
Constitutive models form a necessary set of equations in 

order to obtain analytical or numerical solutions for boundary 
value problems satisfying certain universal conservation laws 
at every point of a dominium, in the context of continuum 
mechanics. Contrary to the universal conservation laws, the 
constitutive models are dependent on the material type and 
should reflect its internal constitution by means of macroscopic 
parameters. The constitutive laws are, therefore, mathematical 
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expressions that represent the views of researchers about how 
certain materials should behave, rather than the real behavior of 
the materials. Hence, the same set of experimental evidence 
may lead to many different and sometimes conflicting 
constitutive models depending on the general framework 
adopted (elastoplasticity, hyperelasticity, etc.) and on the 
particular views and background of the model proposer. 

For the particular case of geomaterials, such as natural soils, 
an ever increasing number of models have been proposed. The 
development of these models generally follow two conflicting 



Farias et al / DYNA 83 (197), pp. 58-67. June, 2016. 

59 

trends: some favor a more generalist approach trying to unify 
most materials and physical conditions under a single model; 
others consider that different models for each material and 
initial state conditions provide a simpler and more practical 
approach [1]. This latter view is shared by many practitioners 
who argue that the most adequate model should be employed in 
each case. This is a good point, but according to the authors of 
this paper, it is unfortunately, very common for geotechnical 
engineers to opt for over simplistic models that do not 
adequately represent the behavior of the materials involved in 
the analyses. 

It is widely reported and accepted that the mechanical 
behavior of geomaterials is highly influenced by the initial 
conditions to which they are subjected. These initial 
conditions comprise both the stress level (confinement) and 
stress history (over-consolidation), as well as the initial 
physical indices (e.g. density) of the soil mass. Whereas the 
incorporation of the influence of the confinement level is 
quite straightforward in most constitutive models, the same 
does not happen with respect to the effect of stress history 
and most of all, the effects of the initial density and structure 
of the soil mass. Most models tend to bypass this problem by 
adopting different sets of parameters for different initial over-
consolidation and density states, as if different materials were 
involved in the same analyses.  

Nakai and Hinokio [2] proposed an original approach in 
which it was possible to incorporate the effects of both 
confinement and density into a reasonably simple 
constitutive model for three-dimensional loading conditions, 
using a single set of unified material parameters. Later, Nakai 
and collaborators working at Nagoya Institute of Technology 
proposed a theoretical scheme in which it was possible to 
take into consideration many other relevant variables which 
influence the mechanical and hydraulic behavior of soils and 
rocks [3,4]. The model in different stages can consider the 
effect of density (over-consolidation), structure (bonding), 
strain rate (creep), temperature and water content (suction).  

The general framework summarizes years of research and 
is initially introduced in a very simple manner using only the 
effective stress versus void ratio relation, under one-
dimensional compression condition. Later, the models are 
generalized for three-dimensional conditions by introducing 
the concept of a modified stress tensor called tij [5]. 

For the sake of simplicity and easy understanding of the 
theoretical background, only the one-dimensional condition 
is discussed in the present paper. The proposed formulation 
is compared initially with the experimental results obtained 
in laboratory by the authors, using very uniform glass beads 
in order to isolate other effects such as particle shape, 
structure and cementation. Finally, the model predictions are 
compared with experimental results for different types of real 
soils (cohesive and granular) published in the literature by 
other researchers. 

 
2.  Constitutive model 

 
The model adopted in this paper uses a conceptual 

scheme based on isotropic strain-hardening elastoplasticity 
with the implicit introduction of the subloading concept 
proposed by Hashiguchi [6] and revised by Nakai and 

Hinokio [2]. Using this framework it is possible to account 
for several important variables that influence soil behavior, 
such as density, structure, deformation rate, temperature and 
suction [3-5,7-10]. 

The modeling conception is divided into two main sets of 
variables. The first set accounts for internal variables, such as 
density and bonding, which modify the shape of the void ratio 
versus the effective stress compressibility curve. The second 
set includes external variables (rate of deformation, 
temperature and water content) whose main effect is to shift 
the position of the normal consolidation line (NCL). This 
paper will focus only on the influence of density, but a full 
description of other variables may be found in the above 
references. 

Nakai et al. [3] initially show how to formulate models 
under one-dimensional conditions and later extend the 
analyses to full three-dimensional cases [4]. The extension to 
generalized 3D conditions is achieved by: (a) introducing a 
modified stress tensor tij [11]; and (b) assuming a 
decomposition of the plastic strain increment [12]. These two 
features, respectively, are responsible for accounting for the 
influence of the intermediate principal stress and the 
influence of stress path on the behavior. Alternative 
approaches using conventional stress invariants p, q and  
may be also effective, including applications to unsaturated 
soils [13]. 

Here, the simpler version will be explained with reference 
to the well-known void ratio (e) versus natural logarithm of 
the one-dimensional effective stress () illustrated in Fig 1. 
For a normally consolidated material, the initial state is 
represented by point I (e0,σ0)=(eN0,σ0). Upon loading, the 
point follows a trajectory along the normal consolidation line 
(NCL), reaching a final point P (e, σ)=(eN, σ), with e = e0+d(-
e) and σ = σ0+dσ. The subscript “N” denotes a point over the 
NCL. The inclination of the virgin NCL is denoted by the 
(one-dimensional) compression index , and the slope of the 
unloading-reloading line (URL) is given by the swelling 
index, .  Under these conditions, the change in plastic void 
ratio, from simple geometric relations in Fig. 1, is given by: 

 

െሺ∆݁ሻ௣ ൌ െሺ∆݁ሻെሺ∆݁ሻ௘ ൌ ሺߣ െ ሻߢ ln
ߪ
଴ߪ

 (1) 

 
For the sake of simplicity, let F and H denote the terms 

related to (logarithmic) stress change and plastic void ratio 
change in Eq. (1), respectively, so that: 

 

 
Figure 1. Changes in void ratio for normally consolidated clays.  
Source: The authors. 
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ܨ ൌ ሺߣ െ ሻߢ ln
ߪ
଴ߪ

 (2) 

  
ܪ ൌ ሺെ∆݁ሻ௣ (3) 

 
Then the yield function (f) can be written generically as 

follows: 
 

݂ ൌ ܨ െ ܪ ൌ 0 (4) 
  

 
The consistency condition upon loading (df=0) implies: 
 

݂݀ ൌ ܨ݀ െ ܪ݀ ൌ ሺߣ െ ሻߢ
ߪ݀
ߪ
െ ݀ሺെ݁ሻ௣ ൌ 0 (5) 

 

݀ሺെ݁ሻ௣ ൌ ሺߣ െ ሻߢ
ߪ݀
ߪ

 (6) 

 
Eq. (6) could also be directly obtained from 

differentiation of Eq. (1), but all steps were used only to 
illustrate the approach adopted in Nakai et al. [3] and later 
extended to other internal variables. For normally 
consolidated soils, Eq. (6) represents the incremental 
hardening law which relates changes of an internal strain-like 
hardening variable, represented by the plastic void ratio d(-
e)p, with changes of the internal stress-like hardening 
variable, given by o=or the maximum stress previously 
applied to the soil (pre-consolidation stress). This is akin to 
most conventional models based of the critical state theory, 
such as the Cam clay model.  

Now, a new (strain-like) internal hardening variable, 
denoted by , is introduced to account for the influence of 
density or pre-consolidation of the soil into the model. 
Referring to Fig. 2-b, this variable simply represents the 
deviation between the actual void ratio (e) in the present over-
consolidated state (point I) and the corresponding void ratio 
(eN) on the NCL for a normally consolidated soil under the 
same stress level (point I’). 

 

 
Figure 2. Internal variable and implicit subloading surface; (b) new 
strain-like internal variable .  
Source: The authors. 

This new internal variable  is non-dimensional and 
represents a change in void ratio with respect to a reference 
normally consolidated state. This change may be due to pre-
consolidation (single loading and unloading), but can also 
incorporate other effects such as cyclic loading. A null value 
for variable  means that the soil is normally consolidated 
and a high value of  denotes a very dense condition (much 
lower void ratio) with respect to the soil density if it were 
normally consolidated. So, variable  represents a 
densification effect due to pre-consolidation (and cyclic 
loading). 

The relation between variable  and pre-consolidation 
can be better visualized using the p-q stress space of the Cam 
clay model as depicted in Fig. 2-a. Two yield surfaces are 
drawn: (i) the outer or “normal” surface whose “size”, given 
by its intersection with the average stress axis (p), 
corresponds to the maximum or pre-consolidation stress (pN); 
(ii) the inner surface, called “subloading” surface, which 
always passes through the present stress state, and its size is 
denoted by (pS). The distance (=pN-pS) between the two 
surfaces is a measure of pre-consolidation and can be related 
to the over-consolidation ratio (OCR= pN /pS), *=*pS*(OCR-
1). From Fig. 2, it is possible to establish the following 
relation between  and OCR [14]: 

 

ߩ ൌ ሺߣ െ ሻlnߢ ൬ ேܲ

௦ܲ
൰ ߩ	ݎ݋		 ൌ ሺߣ െ  ሻ (7)ܴܥሻlnሺܱߢ

 
The use of two surfaces is the essence of modeling 

approaches such as subloading surface [6] and bounding 
surface [15], despite some basic differences in these 
approaches, especially regarding the influence of the 
confining pressure. While the inner surface tracks the present 
or actual stress state, the outer surface keeps a kind of 
memory of the loading history. The distance between the two 
surfaces can be measured by stress-like () or strain-like () 
internal hardening variables, which are interrelated. In either 
case, it is necessary to devise an evolution law for the 
hardening variable, giving rise to different models and 
interpretations.  

The authors favor the use of the strain-like density 
variable . It should be emphasized that the subloading 
concept was evoked here only for interpretation purposes and 
that the modeling approach does not require the explicit 
definition of two surfaces. 

Fig. 3 illustrates the changes in void ratio for an over-
consolidated soil loaded from the initial state at point I (eo,o) 
to a final state at point P (e,), with e=eo+ (-e) and 
=o+. The change of plastic void ratio (-e)p upon 
loading from o to   can be expressed as: 

 
																				െሺ∆݁ሻ௣ ൌ െሺ∆݁ሻെሺെ∆݁ሻ௘ 			

ൌ 	 ሼሺ݁ே଴ െ ݁ேሻ
െ ሺߩ଴ െ ሻሽെሺെ∆݁ሻ௘ߩ

ൌ ߣ ln
ߪ
଴ߪ
െ ሺߩ଴ െ ሻߩ െ ߢ ln

ߪ
଴ߪ

 

(8) 

 
Hence the yield function can be written as: 
 

݂ ൌ ܨ െ ሼܪ ൅ ሺߩ଴ െ ሻሽߩ ൌ 0 (9) 
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and the consistency condition  applied to Eq. (9), 
requires that: 

 
ܨ݀ െ ሼ݀ܪ െ ሽߩ݀

ൌ ሺߣ െ ሻߢ
ߪ݀
ߪ

െ ሼ݀ሺെ݁ሻ௣ െ ሽߩ݀ ൌ 0 

(10) 

 
Variable  needs and evolution law (or hardening law). 

The research group of NIT suggested that its increment (d) 
should be negative and proportional to the change of plastic 
void ratio , and also dependent on the present value of 
density  by means of an arbitrary increasing function, G(). 
This can be expressed mathematically as follows: 

 
ߩ݀ ൌ െܩሺߩሻ. ݀ሺെ݁ሻ௣ (11) 

 
Substituting the evolution law of Eq. (11) into Eq. (10), 

the change in plastic void ratio can be expressed as follows: 
 

݀ሺെ݁ሻ௣ ൌ ൬
ߣ െ ߢ
1 ൅ ܩ

൰
ߪ݀
ߪ

 (12) 

 
There are only two conditions established for function G(): 

(i) it must be a monotonically increasing function of  and (ii) it 
should satisfy G(0)=0. The first condition assures that the value 
of variable  degrades faster for higher densities and the second 
condition assures that the evolution ceases when  =0, thus 
forcing the deformability curve to adhere to the NCL when the 
soil becomes normally consolidated. Following these conditions, 
Nakai et al. [8] suggested that linear (G()=aor quadratic 
rules (G()=a2) could be adopted. The main argument for the 
adoption of these functions is their simplicity and the fact that just 
one parameter (a) is added to the model. This parameter controls 
the decay rate between the pre-consolidated and normally 
consolidated stress states. 

The absolute value of G() can be interpreted as an 
increase in the volumetric plastic stiffness of the soil 
compared to the stiffness value that the soil would have if it 
were normally consolidated.  This is easily achieved by 
expressing Eq. (12) in terms of volumetric strains (dividing 
by 1+eo) and inverting it: 

 

ߪ݀ ൌ ቆ
1 ൅ ݁଴
ߣ െ ߢ

ሺ1ߪ ൅ ௩ߝሻቇ݀ܩ
௣ (13) 

 

 
Figure 3. Changes in void ratio for over-consolidated soils. 
Source: The authors. 
 

The term between brackets in Eq. (13) corresponds to the 
bulk or volumetric plastic stiffness (Kp) and it coincides 
exactly with the expression obtained for the Cam clay model 
when G()=0  (if the one-dimensional stress  is substituted 
by the mean stress p), i.e., Kp=p(1+eo)/(-). The factor 
(1+G()) in Kp in Eq. (13) gives a scalar measure of this 
stiffness gain when the soil becomes over-consolidated [16]. 
This approach can be easily implemented in critical state 
based models for simulating geotechnical problems, mainly 
for applications where the soil undergoes severe 
densification, or in cases of cyclic loadings, including the 
simpler case of a single unloading-reloading cycle [17, 18, 
19, 20]. 

 
3.  Experimental program 

 
The linear and quadratic hypotheses for the evolution 

function G() were proposed based solely on their simplicity. 
However, these proposed shapes for G() lack experimental 
backing, which is what is investigated in this paper. In order 
to check their validity, the authors devised a series of 
experimental tests with different initial void ratios (hence 
different initial values of o) and tracked their evolution. 

The tests were initially performed with artificial sand 
comprised of almost perfect microspheres of glass beads. The 
idea was to test a well-behaved material, thus avoiding other 
interferences such as particle shape, natural structure and 
cementation. The particle diameters (Dp) and sample 
diameter (Ds) were chosen so as to minimize scale effects 
(Ds/Dp>100). Conventional soil characterization tests, such 
as grain size distribution, density, minimum and maximum 
void ratios (emin and emax) etc., were performed with this 
material.  

Table 1 summarizes the results of characterization tests 
on the glass beads. The package of microspheres can be 
classified as fine sand according to the ASTM standards. 
Photos of the glass beads amplified by 200x and 400x using 
an electronic magnifying glass (Digital USB Microscope) are 
shown Fig. 4 (a)-(b). The spherecity and uniformity of the 
microspheres can be appreciated in these photos. 

Artificial soil samples were prepared by pouring the glass 
microspheres into a metallic cylinder with a diameter of 25 
mm and a height of 50 mm (Fig. 4-c). The material was 
carefully placed in its loosest state and vibrated until the 
desired initial void radio was reached by trial and error. 
Samples starting with seven initial void ratio states, from emax 
down to close to emin, were prepared: eo= 0.87-0.85-0.81-
0.79-0.77-0.76-0.72.  

 
Table 1. 
Physical properties of the microspheres.  

Property, symbol (unit) Value 

Maximum void ratio, emax 0.87 

Maximum void ratio, emin 0.63 

Specific gravity, Gs 2.51 

Sphericity (% min) 80 

Coefficient of uniformity, Cu 1.47 

Coefficient of curvature, Cc 1.02 

Average diameter D50 (mm) 0.063 

Source: The authors. 
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Figure 4. Details of material and cylindrical mold: (a) and (b) magnified images of 
the microspheres; (c) mold dimensions; (d) mechanisms to reduce lateral friction. 
Source: The authors. 

 
 
The wall of the metallic mold was 10 mm thick to avoid radial 

deformation and ensure the desired one-dimensional strain 
compression state. In order to minimize wall friction, the interior of 
the cylinder was coated with silicon oil and two layers of plastic 
film also coated with oil in between them, as illustrated in Fig. 4-d. 

The compressibility curves were determined under one-
dimensional constant strain rate (CSR). The main advantages 
of this methodology are related to speed and precision [21]. 
The test equipment comprised a load frame with a reaction 
beam, a moving load plate, and sensors for load and 
displacement (LVDT). The strain rate was fixed at 1 mm/min 
and the test was carried until a maximum vertical force of 40 
kN, due to limitations of the reaction system. The 
corresponding maximum vertical stress, around 80000 kPa, 
was high enough to observe particle crushing in the cases of 
spheres with larger diameters (not reported here). 

Besides the artificial sand prepared with microspheres of 
glass, the constitutive model was also verified against the results 
of CSR one-dimensional tests on real soils compiled from the 
literature. The main idea was to test the hypotheses that void ratio 
deviation from the NCL, variable , provides an appropriate 
measure of density which controls the soil behavior irrespective 
of particle shape and nature (sand or clay).  The tests include two 
sands and two clays for which CSR one-dimensional test results 
were available for different initial densities. A quartz sand was 
tested by Nakata et al. [22] and Ganga sand was tested by Rahim 
[23]. Tests performed with London clay and Cambridge clay 
were also used [24]. 

 
4.  Methodology for the calibration of model parameters 

 
The compression (λ) and swelling (k) indices are quite 

easy to calibrate and may be obtained directly from the 

inclinations of straight lines fitted to the initial and final 
sections of the compressibility curve, respectively. The 
straight line fitting is best achieved using least square error 
minimization for selected ranges of experimental points in 
the initial and final sections of the e-ln() curve.  

In order to find the actual evolution rule of the internal 
variable  it is necessary to first determine the experimental 
values of G() versus  directly from the test results. The 
following methodological steps are proposed: 
 Generate an adjusted curve fitting the experimental e-

ln() data to obtain an expression for the stress as a 
function of the void ratio, =f(e). This can be achieved 
with a high order polynomial, a spline curve, or piecewise 
linear fittings. This curve is used only as an intermediate 
stage in order to recover the data for equally spaced void 
ratio intervals and avoid the ragged nature of the 
experimental data; 

 For equally spaced points (e=constant) in the 
compressibility curve, obtain the elastic and plastic void 
ratios and the internal variable   following the steps of 
the algorithm described in Table 2; 

 Compute the changes in variable  and the corresponding 
changes in plastic void ratio,  and , with 
respect to the previous values. 

 Following Eq. 11, determine the value of G() for each 
point of the compressibility curve as the ratio: 
 

ሻߩሺܩ ൌ
ߩ݀

݀ሺെ݁௣ሻ
 (14) 

 
Following the steps described above, the authors were 

able to find the experimental relation for G() x  depicted 
by the open dots in Fig. 5, for a particular test with the densest 
sample (eo=0.72). The experimental data, however, do not 
show the linear nor the quadratic trends proposed by Nakai 
et al. [8]. The same was observed for all tests performed by 
the authors. 

It may be observed that the initial section of the data in 
Fig. 5 may be fitted with a straight line with a non-zero 
inclination, G()=a. However if a straight line is fitted over 
the whole range of variable , it will overestimate G() for 
low values of  and underestimate the function for high 
values of . The initial non-zero inclination of the 
experimental data cannot be captured with a simple quadratic 
curve of the type G()=a2, because its first derivative at the 
origin is zero. On the other hand, the experimental data show 
that the relation is clearly non-linear over the range of density 
tested, and that the inclination increases faster after a certain 
point. A hyperbolic function can meet these requirements  

 
Table 2.  
Algorithm to find values of variables  and ep.  

Variable Expression 

Starting from e=eo, increment e e  e+e 

Find stress () using function f ߪ ൌ ݂ሺ݁ሻ 
Compute elastic void ratio (-e)e ሺെ݁ሻ௘ ൌ െ݇	݈݊ሺߪሻ ൅  ௞ܫ

Compute plastic void ratio (-e)p ሺെ݁ሻ௣ ൌ ሺെ݁ሻ െ 	ሺെ݁ሻ௘ 

Compute void at ratio NCL (eN) ݁ே ൌ െߣ	݈݊ሺߪሻ ൅  ఒܫ

Compute variable  ߩ ൌ ݁ே െ ݁ 
Source: The authors. 
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Figure 5. Experimental values of function G() and alternative fitting 
curves. 
Source: The authors. 

 
 

[16] or maybe a quadratic function with two terms 
(G()=a2+b), but this behavior can be better simulated 
with an exponential function, as follows: 

 

ሻߩሺܩ ൌ
ܽ
ܾ
ሺ݁௕.ఘ െ 1ሻ (15) 

 
in which a and b are material parameters. The derivative 

of Eq. (15) is , and the parameter a 
mathematically represents the inclination when =0, i.e., 
a=G’(0), while parameter b gives the  rate of increase of this 
inclination which is related to the second derivative of G(). 

The proposed function is monotonically crescent, satisfies 
G(0)=0, and exhibits the trends of initial non-zero inclination and 
fast increase after a certain value. However, the exponential model 
requires two parameters (a and b) instead of just one (a) of the 
original linear or quadratic functions. Nevertheless, these 
parameters are easily calibrated with a simple procedure which 
starts by rewriting Eq. (15) as follows: 

 

߯ ൌ ln ቀ
ܽ
ܾ
ܩ ൅ 1ቁ ൌ ܾ.  (16) ߩ

 
Eq. (16) represents a linear relation between an auxiliary 

variable  and . The best fitting is obtained by varying the 
ratio a/b until a good linear correlation (R21.0) is obtained 
through the points (߯). The inclination of this straight line 
is parameter b, and the other parameter a follows directly 
from the product between b and the ratio a/b. 

Fig. 6 shows the results of parametric analyses to 
highlight the influences of parameters a and b on the overall 
compressibility curve, e-ln(). In these simulations, the 
initial void ratio was eo=0.78 for the stress o=0.1 kPa, and 
the conventional compressibility indices were = 0.120 and 
=0.03. From these analyses, it can be observed that 
parameters a and b control the adherence between the actual 
compressibility curve and the straight sections represented by 
the normal consolidation line (NCL) and unloading-
reloading line (URL), respectively.  

The influence of parameter a can be appreciated in Fig. 6-a, in 
which the value of b=10 was kept constant and the value of a 
varied between 10 and 250. The parametric analyses show that the 
compressibility curve joins the NCL faster (i.e., at higher values 

of void ratio, e) for lower values of parameter a. Parameter b, on 
the other hand, controls the adherence between the actual curve 
and the unloading-reloading line as illustrated in Fig. 6-b, where 
the value of a=20 was kept constant and the value of b varied 
between 1 and 50. Here it can be observed that the compressibility 
curve sticks to the URL section for lower values of b. In summary, 
low values of both a and b simulate a sharp bilinear transition as 
in the conventional Cam clay model. 

The experimental results obtained by the authors using 
microspheres as well as results from tests on real soils 
published in the literature were used to calibrate the 
parameters of the model (, a and b) following the 
procedures described in the previous section. These 
parameters are summarized in Table 3.  

The first observation during the calibration process was 
that the swelling ( ) was not exactly constant, but increased 
slightly for lower values of initial density of the sample ( = 
0.014 to 0.019). This is contrary to the basic assumption of 
conventional models, such as the Cam clay. In order to keep 
the model simple, this hypothesis was preserved and the 
values of these parameters were taken as the average for all 
the tests on a given material.  

 

 
Figure 6. Parametric analyses: (a) Influence of a; (b) Influence of b. 
Source: The authors. 

 
 

Table 3.  
Model parameters.  

Material (λ) (κ) 
Exponential Linear 

a 
Quadratic 

a a b 
Microspheres 0.138 0.014 42.5 5.8 93.8 398 
Ganga sand 0.327 0.006 6.4 1.9 16.7 19.8 
Quartz sand 0.195 0.002 29.9 1.9 41.7 94.8 
London clay 0.167 0.010 45.1 27.9 172.8 2432 
Cambridge clay 0.210 0.007 12.8 8.4 36.1 213 

Source: The authors. 
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Table 4.  
Coefficients of correlation (R2) for different functions G(). 

Material Exponential Quadratic Linear 
Microspheres 0,998 0,993 0,959 
Ganga sand 0,982 0,915 0,952 
Quartz sand 0,982 0,915 0,958 
London clay 0,948 0,926 0,795 
Cambridge clay 0,944 0,835 0,741 

Source: The authors. 
 
 
The parameters for the evolution function G() of the 

density variable were taken for the material at its densest 
state. The values parameters a (or a and b, for the exponential 
model) represent the best fit obtained by a least square error 
minimization process. The computed values of G() were 
compared with the experimental ones and the coefficients of 
correlation (R2) computed. These values are summarized in 
Table 4. The exponential model gave the best correlation for 
all materials, as expected. Compared with the linear model, 
the parabolic model yielded better correlations for natural 
clays, but slightly worse correlations for natural sands.  

 
5.  Model predictions and experimental results 

 
A good fit of G() is important, but the crucial point is the 

correlation between the complete model simulations with the 
whole experimental compressibility curve, e-ln(). These 
curves will be shown for all materials in this section, but a single 
case for the quartz sand is initially commented in more details.  

A comparison between experimental e-ln() data for the 
quartz sand and the simulations using three different functions 
for G() is shown in Fig. 7-a. With the exponential function for 
G(), the overall simulation fitted the experimental data almost 
perfectly; while the linear function best fitted the last section of 
the curve (the NCL) and the quadratic function best fitted the 
initial section of the curve (the URL).  

This result is explained when the actual values of G() 
are compared to their simulations using the linear, quadratic 
and exponential models, as shown in Fig. 7-b. For this quartz 
sand, the experimental values of G() showed a crescent but 
unexpected curved shape. This curve fitted reasonably well 
with a straight line for low values of , hence the good overall 
agreement close to the NCL in Fig. 7-a for the model with a 
linear function for G(). The opposite is observed with the 
quadratic function for G(), which fits best for higher values 
of , hence the good agreement close to the URL in the 
overall compressibility curve in Fig. 7-a. 

The excellent agreement of the exponential model is due 
to its two parameters, one controlling the simulation in the 
URL range and the other in the NCL domain, as explained in 
the parametric analyses shown in the previous section. 
Therefore, this model will be used in all following 
simulations presented in this paper. 

Next, further results of tests on some real soils described 
in the literature and the model simulations are described. 
Initially the results for quartz sand are completed by 
simulations with two initial densities, as shown in Fig. 8-a. 
The simulations can very successfully reproduce the 
compressibility curves over the whole domain. The same can 
be observed for the Ganga sand shown in Fig. 8-b. 

 
Figure 7. Simulations: (a) the overall compressibility curve using different 
functions for G(). (b) the evolution function G() for the quartz sand. 
Source: The authors. 

 
 
The experimental results and model simulations for 

London clay and Cambridge clay are shown in Fig. 9-a and 
Fig. 9-b, respectively. Three different initial conditions were 
available for London clay and two initial states for 
Cambridge clay. In both cases, the agreement between model 
simulations and experimental results was excellent for the 
entire range of stresses and densities analyzed. 

The results for all tests using microspheres and the model 
simulation with exponential function G() are shown in Fig. 
10. For the average value of =0.138 in Table 3, and a 
reference stress equivalent to the atmospheric pressure (= 
atm= 100 kPa), the following values for the initial density 
variable were computed, o=0.51-0.54-0.58-0.60-0.62-0.64-
0.66. These values correspond to the whole range of void 
ratio values, between emin and emax presented previously. It is 
striking that the simulations can very successfully reproduce 
the compressibility curves over the whole domain for all 
range of initial density conditions with a single set of 
parameters. 

In all the tests involving natural soils (sand and clay) and 
artificial sand (microspheres) a unique set of parameters was 
used for each material, regardless of the initial void ratio. 
Also, the reader can observe a smooth transition between the 
over-consolidated and normally consolidated states. This 
contrasts with the discontinuity in compressibility indices (  
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Figure 8. Simulations and experimental results of tests on quartz sand (a) 
and Ganga sand (b) with two initial density states. 
Source: The authors. 

 
 

and ) postulated by the bilinear behavior assumed, for 
instance, in the Cam clay model. This sharp transition will be 
observed also in the simulation of conventional triaxial tests 
on over-consolidated soils. 

The smoothness in compressibility is simulated by any 
model which implicitly or explicitly adopts the subloading 
concept. This smooth variation comes from the introduction 
of the scalar function G() which reproduces plastic strains 
for any loading condition, irrespective of the previous stress 
history, i.e., regardless of whether the soil is normally 
consolidated or over-consolidated. This can be easily 
implemented in many models and all it takes is the addition 
of a scalar, related to G(), into the plastic multiplier of 
conventional elastoplastic models (see e.g. Pedroso et 
al.[14]). 

 
6.  Conclusions 

 
This paper revises a simple and versatile model proposed 

by Nakai et al. [3] to simulate the stress versus void ratio 
curve of geomaterials under one-dimensional compression 
conditions, as in oedometer tests. 

 
Figure 9. Simulations and experimental results of tests on London clay (a) 
and Cambridge clay (b) with different initial density states, respectively. 
Source: The authors. 

 
 

 
Figure 10. Simulations and experimental results of tests on artificial sand 
(glass microspheres) with seven initial density states. 
Source: The authors. 
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The model implicitly incorporates the subloading concept 
which results in a smooth transition between the over-
consolidated and normally consolidated stress states. This is 
achieved by means of an internal strain-like hardening 
variable, , which is at the same time a measure of the density 
and over-consolidation ratio.  This variable needs an 
evolution rule controlled by a smooth monotonic crescent 
function G(), for which the original model proposed a linear 
or a quadratic variation.  

The above hypothesis was tested using the results of 
constant strain tests on artificial sand composed of glass 
microspheres and also tests on real soils (sand and clays) 
published in the literature. The authors proposed 
methodological steps to find the experimental values of G() 
and the results showed that a better description of this 
function is given by an exponential relation with two model 
parameters (a and b). 

These two parameters are easily calibrated from a single 
one-dimensional compression test and they also have a clear 
meaning: parameter a controls the behavior in the normally 
consolidated range and parameter b controls the behavior in 
the over-consolidated domain. 

The simpler linear and quadratic relations, although not 
as accurate as the exponential, also produce good simulations 
of the overall compressibility curve under one-dimensional 
conditions. This may be enough for most practical 
applications and they have the advantage of using a single 
parameter (a). The limited experimental evidence shown in 
this paper indicates that the linear model best fits the results 
obtained with natural sands, while the quadratic model best 
reproduces the behavior of natural clays. 

Irrespective of the shape of G(), the results support the 
use of the internal variable () as a powerful variable to 
incorporate density related effects on the stress-strain 
behavior of geomaterials, independently of grain shape or 
nature. The simulations could accurately reproduce the 
behavior of artificial glass microspheres, natural sands and 
clays, over a wide range of stress and void ratio conditions, 
using a single set of unified parameters. 

In spite of presenting the formulation and experimental 
validation under one-dimensional compression conditions, 
the subloading concept described here can be easily 
incorporated in any model under general three-dimensional 
stress conditions. This has already been carried out by many 
others [4]. 
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Abstract 
The paper presents the steps required to undertake an energy audit in oil treatment facilities and presents key energy performance indicators 
that can be applied to benchmarking and monitoring of this type of system. The proposed indicators are classified into the five following 
categories: production, consumption, efficiency, cost and reliability indicators. The paper also presents some general initiatives, short, 
medium or long term, that are classified according to their maturity and their economic benefits in order to increase energy efficiency. 
 
Keywords: Production facilities, Key performance indicators, Energy performance. 

 
 

Monitoreo y evaluación del uso de la energía en estaciones de 
tratamiento de crudo 

 
Resumen 
El artículo presenta los pasos a seguir para realizar una auditoría energética en estaciones de tratamiento de crudo y los indicadores claves 
de desempeño energético que pueden ser aplicados para el monitoreo y el desarrollo de estudios comparativos de éste tipo de sistemas. Los 
indicadores propuestos se agrupan en 5 categorías que son indicadores de producción, consumo, eficiencia, costo y confiabilidad. También 
se presentan algunas iniciativas generales orientadas a incrementar la eficiencia energética de las estaciones las cuales se clasifican de 
acuerdo a su plazo de amortización y a sus beneficios económicos en iniciativas de corto, mediano o largo plazo. 
 
Palabras clave: Facilidades de producción, indicadores energéticos, gestión energética. 

 
 

1.  Introduction 
 
Production Facilities include processes, equipment and 

required materials to collect, separate, handle, characterize 
and measure oil, gas and water from producing wells. 
Considering that energy use has a very important role in the 
process cost, the following general strategies should be 
taking in account to optimize energy consumption, starting 
from the design phase [1]:  
 Evaluation and quantification of the thermodynamic 

constraints of treatment processes and the selection of the 
processes with minimal energy requirements. 

 -Selection of the process units with operation conditions 
similar to the ones used in the reservoir, which allow the 
reduction of heat exchange processes. 

 Avoid hot fluids transportation to minimize energy losses. 

                                                      
How to cite: Corredor-Rojas, L.M., Uribe-Rodríguez, A. and Cobos-Gómez, J.C., Monitoring and evaluation of energy use in oil treatment facilities. DYNA 83(197), pp. 68-73, 
2016. 

 Evaluation of the use of direct contact heat exchangers 
instead of indirect heat contact exchangers. 

 Maximization of fuel efficiency through heat recovery by 
steam generation (if cogeneration is required). 

 Maximization of heat integration between processes to 
minimize external heating or cooling. 

 Selection of equipment such as heaters and pumps that are 
highly efficient. 
When oil treatment facilities are in operation, energy 

optimization is performed by applying a methodology to 
systematically monitor the processed energy performance 
and identify technological alternatives for optimization. The 
general applied methodology steps for the evaluation of 
energy management are shown in Fig. 1. 
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Figure 1. Methodology to evaluate energy management.  
Source: Authors´ presentation. 

 
 
The energy audit is one of the most important steps in the 

methodology. The main objective of an audit is to study the 
current status of processes, cost analysis, and identification 
of areas, equipment or facilities that could be improved and 
the enumeration of possible measures that could be applied. 
In addition, the audit seeks to adapt the current energy 
consumption of the plant to nominal energy consumption, 
ensuring proper maintenance of the facilities, reducing 
nominal consumption with new technologies that increases 
the efficiency of energy usage and reduces demand of the 
processes, optimizing the operation of energy services. The 
results of the audits have shown increases in the efficiency of 
electricity consumption by 12% and savings in fuel 
consumption between 8 and 15 % per unit of product [2]. 

The the stateof-the-art presents the general steps to -
conduct energy audits in industrial process. Despite this,, 
neither the requirements of each step, in order to apply them 
in oil treatment facilities, nor key performance indicators to 
be used for analysis of energy use and to monitor the results 
of the proposed initiatives in the plan obtained from the 
energy audit are presented. For this reason, this article will 
focus on the steps that must be followed in order to ensure a 
proper energy audit, the requirements of each step, and the 
key performance indicators that may be applicable to oil 
treatment facilities. 

 
2.  Energy audit: Types and methodologies 

 
The type of audit to be performed depends on several 

factors: on the industry and its principal function, on the 
depth of analysis to be performed, on the potential and the 
magnitude in cost reductions desired. There are two types of 
audits: preliminary and detailed [3]. 

 
2.1.  Preliminary audit 

 
This is the most economical type of audit and it allows 

preliminary energy savings to be identified. By means of a 
visual inspection, basic information is collected to identify 
opportunities for energy savings in operational and 
maintenance areas and it draws attention to whether any 
further analysis is required. To summarize, this type of audit 
is performed to [4]: 
 Set the global energy consumption of the processes. 
 Build the energy consumption baseline. 

Figure 2. Stages of a detailed audit.  
Source: Authors´ presentation. 

 
 

Table 1.  
General information of oil treatment facilities. Source: Authors´ presentation. 

General information Units 
Design capacity BOE 

Current processing capacity BOE 

Streams input  
Inlet fluid ( oil + water) BOE 

Water cut %BSW 
API gravity °API 

Diluent (if applicable) %v 

Streams output 
Crude BOE  

Water cut of the crude % BSW 
API gravity of the crude ºAPI 

Gas (if applicable) MMSCFD 
Condensates  BOE  

Specific gravity of gas ( if applicable) - 

Source: Authors´ presentation 
 
 

 Identify energy losses that can be corrected through 
operative and maintenance actions. 

 Estimate the savings 
 Categorize areas depending on investments and savings. 

 
2.2.  Detailed audit 

 
The detailed audit involves all the components of the 

preliminary audit, including tests and measurements to 
evaluate the energy use and its losses, as well as evaluating 
the economy for the proposed changes. It also incorporates 
the assessment of how much energy should be used in each 
process and operative function by using computer modeling 
simulations [5]. The detailed audit is divided into 3 stages 
which are: pre-audit, audit and post-audit. Fig. 2 presents the 
processes that are to be followed in each stage. Each process 
will be later explained for oil treatment facilities [6]. 
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3.  Information required for energy analysis of oil 
treatment facilities 

 
Tables 1 and 2 present the required information to 

perform an energy audit in oil treatment facilities.   
 

Table 2.  
Information required for the energy analysis of oil treatment facilities.  

Information Source Description 

Basic 
information  

Operation Manual 
Process description and operating 
procedures. 

Block Flow 
Diagrams (BFD ) 
and Process Flow 
Diagrams (PFD) 

Conceptual approach to the 
processes´ functions. 

Control and 
instrumentation 
diagrams ( P&ID )  

Graphic approach of 
measurement, monitoring and 
control systems. 

Industrial services 
diagrams (Water, 
steam) 

Graphic approach of industrial 
services 

Line diagrams 
Graphic approach to electrical 
installations. 

General list of 
equipment and data 
sheets of major 
equipment 

Design data of equipment 
(diameter, height), Current 
operational status and optimum 
operating conditions. Design and 
operation capabilities. Maximum 
levels of fluids, pressure, 
temperature, other. 

Statistical  
Data 

Production Total fluid (oil, water and gas) 

Properties and 
composition of the 
fluids 

Fluid compositions, BSW, 
Calorific (gases and condensable) 
and properties of the diluent (if 
applicable). 

Chemical treatment 
Chemical product (volume, 
concentration, injection, chemical 
cost per barrel of fluid). 

Historical 
consumption and 
cost (electricity and 
fuels) 

Consumption and cost of 
electricity, gas, diesel and other 
fuels.  

Historical properties 
and composition of 
fuel 

Characteristics and composition 
of the fuel gas: average 
molecular weight, specific 
gravity and net LHV. 

Power quality 
measurements of 
the main equipment 

Current, voltage, power factor 
and frequency. 

Gas flare Tea 
Gas flow, evaporated diluent (if 
applicable) and other fuels 
burned.  

Reliability 

Operation and 
performance 
indicators of 
equipment 

Measurement of performance 
indicators 

Historical databases 
of failures 

Equipment , date, type and cause 
of the failure and downtime 

Factory test 
equipment 

Operating curves  

Periods of 
equipment 

Lifetime of the process and 
equipment 

operation 

Management 
systems and 
programs 

Programs and initiatives for 
management and consumption of 
Energy. Maintenance and 
reliability management, and 
operation and production 
management.  

General Data 
of equipment 

Separators and tanks 

Input and output flows of oil, 
water and gas (separated). Inlet 
and outlet temperatures. Flow of 
diluent (if applicable). Operation 
level fluid and retention times. 

Heaters and Coolers  

Inflow and outflow, inlet and 
outlet temperatures, fuel flow, 
composition and characteristics of 
the fuel, stack temperature, % 
excess oxygen. 

Pumps 

Rotational speed, power and 
nominal efficiency, net positive 
suction, suction and discharge 
pressures, pump capacity, rated 
capacity, hydraulic power; 
voltage, current and power factor. 

Vapor Recovery 
Unit (VRU) 

Process equipment, temperatures 
(input/output), pressures 
(input/output). 

Environmental 
Requirements 

Environmental 
management plan 
and other 
requirements  

Regulations and environmental 
requirements. Delivery quality 
criteria for products output. 

Climatic and 
geographical 
conditions  

Elevation above sea level, 
minimum day and night 
atmospheric pressure, relative 
humidity, average temperatures 
(wet bulb and dry bulb). 

Emissions 

Exhaust gas analysis 
(temperature, flow and 
composition), composition (CO, 
CO2, NOx, SOx, H2O, etc.) and 
operational conditions at the time 
of gas analysis.  

Source: Presentation of the authors. 
 
 

4.  Analysis of energy use 
 
Energy use diagrams are presented in Fig. 3. These apply 

to a treatment facility without crude heating processes.  
The analysis should include energy consumption per 

process, calculation of current and optimal yields of processes, 
the list of equipment with higher energy consumption and the 
key performance indicators´ approaches (KPIs). 

In this stage, KPIs play an important role because they are 
control tools that allow the planned goals to be monitored. 
The indicators should provide enough and relevant 
information to not bias the analysis, and in addition they 
should allow for decision-making and effective processes 
control. In order to do this, an indicator must at least comply 
with features that are internationally recognized by the 
acronym SMART (Specific, Measurable, Actionable, 
Relevance, Timely). The suggested steps to formulate or 
adjust the indicators are: 
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Figure 3. Sankey diagram for an oil treatment facilitie.  
Source: Authors´ presentation. 

 
 Set the variables required for measurement. 
 Identification of the benchmarks. 
 Set the target to be measured. 
 Identification over what information is required from the 

target. 
 Identification of people for whom this information is 

useful. 
There are two kinds of indicators: management and results. 

Management indicators measure how the process is performing 
in terms of resource optimization. This kind of indicator is used 
to detect what is happening and is used to take appropriate actions 
to improve the situation. Results indicators are associated with 
management goals as well as the efficiency and effectiveness of 
their achievement. This kind of indicator is used to measure 
situations when they have already occurred and to take 
appropriate measures to prevent reoccurrences. The proposed 
KPIs for oil treatment facilities are presented in Table 3. 

The analysis of energy consumption can be performed 
based on both internal and external benchmarking 
performance studies. Internal studies include the analysis of 
historical data and trends, while external audits are 
undertaken based on data or indicators obtained from systems 
or similar processes. Comparative factors to be taken into 
account for external analysis are the maximum capacity of 
the station, the technologies used in the processes and the 
quality specifications for both raw and treated products. 
Benchmarking studies allow: 
 Quantification of fixed and variable energy consumption 

according to production levels. 
 Comparison of the usability factor with other facilities. 
 Identification of gaps and best practices. 
 Establishment of the basis for monitoring and goal setting. 
 Quantification of the target variability margin for 

consumption and energy cost.  
 

5.  Identifying opportunities for optimization 
 
The last step in the energy auditing process is to 

recommend an action plan to optimize the use of energy, the 
cost of operation and to reduce emissions. The plan should 
include the period of implementation for each initiative and 
the investments´ payback period [7]. 

Initiatives for energy management can be classified as 
short, medium or long term, depending on their maturity and 
their economic benefits. Short-term projects are those that 
must be performed quickly to resolve a compliance issue 
regarding air quality, or that have a very short payback period 
(a high rate of return). 

The projects that are to be carried out for environmental 
reasons are sometimes to be implemented in the future, but are 
still classified as short-term because the work should begin as 
soon as possible [8]. Initiatives with high rates of return should 
be classified according to their ease of implementation. If little 
or no capital is required, projects should be performed 
immediately. If projects require time and capital but have a high 
rate of return, they should be started as soon as possible. 

The medium-term initiatives have periods of economic 
return that is usually between one to three years. Because 
they require capital investment, they should be retested to 
make sure they are economically feasible [8]. 

The long-term initiatives are characterized by simple 
economic returns over three years. If capital investment is 
large or the return is small, initiatives are classified as having 
a low priority. However, it is important not to dismiss such 
initiatives because they may have changes in energy costs, in 
technologies and environmental regulations: situations that 
make their implementation imperative. 
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Table 3. 
KPIs for an oil treatment facility.  

Category Indicator Description Unit 

Cost 

Energy cost per 
product  

Total cost of energy 
consumed by product 
yield 

$/BOE 

Energy cost per 
treated fluid 
volume  

Total cost of energy 
consumed per fluid 
volume (water + oil 
treated) 

$/Bbl 

Relative energy 
cost 

Ratio of energy cost 
and total cost of 
treatment 

% 

Consumption 

Total energy 
consumed 

Fuel consumption 
(burned, vented) and 
electricity 

BTU, HP, J 

Energy 
intensity 

Energy consumption 
per gross production 

BTU/Bbl 

Efficiency  
Thermodynami
c efficiency of 
equipment 

Ratio of useful 
energy and the 
supplied energy to 
the equipment 

% 

Production Usability Factor 

Ratio of treatment 
capacity by the 
maximum capacity of 
the facility 

% 

Reliability 

Failure index 
Failure rate of the 
equipment or system 

#failure/equi
pment/year 

Mean time 
between 
failures 

Expected time 
between two failures 
for a repairable 
system 

days 

Mean time to 
repair or replace 

Average time needed 
to restore an asset to 
its full operational 
capabilities after a 
failure 

days 

Carbon 
intensity  

Emissions (venting, 
combustion) 

t CO2eq/BOE 

Source: Authors´ presentation 
 
 

Figure 4. Alternatives to optimize oil treatment facilities.  
Source: Authors´ presentation. 

The reduction in energy costs associated with short-term 
initiatives is between 10 and 20%, while initiatives with a 
repayment period of two years or less offer additional 
reductions: between 20 and 30% [9]. 

Some initiatives to optimize treatment facilities are 
presented in Fig. 4. The size of the installation will determine 
whether an initiative is short, medium or long term [10-13]. 

 
6.  Conclusions 

 
An energy audit quantifies the consumption and energy 

costs of industrial processes, in order to identify gaps and 
establish a plan of initiatives to reduce losses, maximize 
efficiency, optimize energy supply and costs associated with 
processes. Energy auditing affects three key factors: 
profitability, through the optimization of energy 
consumption; productivity through optimization of 
equipment and processes; and performance, to use energy 
rationally. 

Structuring an optimization plan is one of the most 
important steps in an energy audit. The initiatives proposed 
in this article are focused on improving models to contract 
the purchase of electricity and fuel, improve power quality, 
reduce energy loss from processes and equipment, include 
and track maintenance plans and improve operating 
conditions´ control systems. Additionally, they can help to 
minimize emissions associated with the processes. 

The sustainability of the audit´s results of will be ensured 
through monitoring and control of key performance 
indicators, accompanied by an energy management program. 
Additionally, these indicators will allow comparative studies 
with other treatment facilities that have similar characteristics 
(production capacity, used technologies in processes, crude 
and products quality).  
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Abstract 
Three iron sources (FeSO4, Fe2(SO4)3 and FeCl3) at different concentrations (150, 700 and 1250 mg Fe/L) were evaluated on large coal particle 
biodesulfurization processes at Erlenmeyer level. A consortium of Acidithiobacillus ferrooxidans (ATCC 23270) and Acidithiobacillus 
thiooxidans (ATCC 15494) was used in all the assays. By using 150 mg Fe2+/L (from FeSO4), pyrite biooxidation was 31.14% after 12 days. 
When Fe2(SO4)3 replaced FeSO4, oxidation improved by 21.16%. The assays using the highest concentrations of sulphate sources also obtained 
the same increase. However, Fe2(SO4)3 assays had a better sulphate removal from coal. This suggests that using the smallest concentration of 
Fe2(SO4)3 is a good alternative to boost the pyrite oxidation rate and avoid the formation of precipitates. Additionally, biooxidation in the FeCl3 

assays decreased, indicating, a priori, that the microorganisms were not able to adapt properly to Cl- ions.  

Keywords: coal biodesulfurization; pyrite oxidation; ferric chloride, ferric sulphate; Acidithiobacillus ferrooxidans; Acidithiobacillus 
thiooxidans. 

 
 

Diferencias entre el uso de sulfato férrico y cloruro férrico en la 
biodesulfurización de un carbón con tamaño de partícula grueso 

 
Resumen 
Se evaluaron tres fuentes de hierro (FeSO4, Fe2(SO4)3 y FeCl3) a diferentes concentraciones (150, 700 y 1250 mg Fe/L) en procesos de 
biodesulfurización de un carbón con tamaño de partícula grueso, utilizando un consorcio de Acidithiobacillus ferrooxidans (ATCC 23270) and 
Acidithiobacillus thiooxidans (ATCC 15494). Al usar 150 mg Fe2+/L (FeSO4), luego de 12 días se obtuvo 31.14% de pirita oxidada. Al reemplazar 
FeSO4 por Fe2(SO4)3, la oxidación mejoró en un 21.16%. Aunque los ensayos con las mayores concentraciones de sulfatos obtuvieron un resultado 
similar, al utilizar Fe2(SO4)3 permitió mejor remoción de sulfatos del carbón. Lo anterior sugiere que basta con utilizar la menor concentración de 
Fe2(SO4)3 para mejorar el índice de oxidación de pirita y evitar formación de precipitados. Por otra parte, los ensayos con FeCl3 tuvieron una 
disminución en la tasa de biooxidación, indicando a priori, que los microorganismos no fueron capaces de adaptarse adecuadamente a los iones Cl-. 

Palabras clave: biodesulfurización de carbón; oxidación de pirita; cloruro férrico; sulfato férrico; Acidithiobacillus ferrooxidans; 
Acidithiobacillus thiooxidans. 

 
 
 

1.   Introduction 
 
Among the elements contained in coal, sulphur plays an 

important role in almost all systems that use the material, 
especially combustion processes. The generation of sulphuric-
volatile compounds (SO2, SO3) causes atmospheric pollution, 
contributing to acid rain generation [1]. In order to limit sulphur 
oxide emissions, some research proposes precombustion 

                                                      
How to cite: Caicedo-Pineda, G.A. and Márquez-Godoy, M.A., Differences between the use of ferric sulphate and ferric chloride on biodesulfurization of a large coal particle. DYNA 
83(197), pp. 74-80, 2016. 

processes as good methods to reduce sulphur forms from coal. 
Sulphur on coal is present in two basic forms: organic, part of 
the coal structure, and inorganic, formed basically by sulphides 
(mainly pyrite) and sulphates [2].  

High-sulphur coals (S > 3% w) generally present pyrite at 
a high rate (60-80% of total sulphur) [3,4]. For this reason, a 
lot research has focused on coal depyritization processes. 
Biological processes have many economic and 
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environmental advantages in comparison to chemical and 
physical options [5,6]. Nowadays, the research evaluates 
physical, chemical and biological parameters in order to seek 
alternatives with possible industrial applications [6].  

Basically, biodepyritization consists of the oxidation of 
sulphides catalysed by acidophilic microorganisms, in an 
aqueous medium, generating soluble sulphates [1,7,8]. A 
typical culture medium contains Fe2+ from ferrous sulphate. 
Bacteria like A. ferrooxidans, oxidize Fe2+ producing Fe3+ by 
eq. (1). Then, Fe3+ attacks the pyrite, releasing more Fe2+ ions 
by eq. (2) which are taken by bacteria, creating a cycle of Fe3+ 
regeneration [8,9].  

 

2Feଶା ൅ 2Hା ൅ 0.5Oଶ
஺.		௙௘௥௥௢௢௫௜ௗ௔௡௦
ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ 2Feଷା ൅ HଶO (1) 

  
FeSଶ ൅ 14Feଷା ൅ 8HଶO

														
ሱۛ ۛۛሮ 15Feଶା ൅ 16Hା

൅ 2SOସଶି 
(2) 

 
It is known that the use of fine-particle coal increases the 

exposed surface area of pyrite, improving its leaching. 
However, pyrite oxidation is not the only variable to consider 
in the design of the process. Precipitate generation is also 
important to define the best parameters for operation. Using 
fine particles increases the effect of coal compounds such as 
alkalinizing agents and carbonates. This induces the 
formation of undesirable compounds (i.e. jarosite) which 
could reprecipitate over the coal, reducing the efficiency of 
global desulfurization [4,6]. Recent studies showed low or 
null precipitate generation when large-particle coal is used, 
although pyrite oxidation decreased [10].  

The use of large-particle coal also presents important 
advantages to the process. This minimizes risks to health, 
because volatile particles of fine coal could cause damage to the 
airways of humans and animals who come into contact with the 
material. Additionally, large-particle coal does not require 
heavy grinding and/or milling processes and it is easy to 
transport to regions far from the source. All of these are 
important factors when using a low-cost material. Besides, a 
wide range of cheap systems can treat coal at this size, from 
processes such as packed-bed bioreactors (heaps) [6] and even 
to stirred tank bioreactors. Previous research reports on a pilot 
plant level reactor using -1” Tyler mesh coal [11]. The low-
specific gravity of the material (around 1.30) allowed it to be 
maintained in suspension without requiring a high agitation.  

Multistage processes and/or long residence times would 
help to improve pyrite oxidation [5,12]. However, these also 
increase the costs of treatment. Previous research found that 
replacing ferrous sulphate by ferric salts also helps to accelerate 
pyrite oxidation, because it minimizes the lag phase, where the 
bacteria begin to oxidize ferrous ions [8,13]. This might be an 
alternative to boost the pyrite oxidation rate in processes using 
large-particle coal. Therefore, the research presented here 
evaluated how ferric ions from two different iron sources 
(sulphate and chloride) interacted with desulfurization 
processes of pyrite-rich coal mediated by a consortium of 
acidophilic bacteria. Chemical and mineralogical techniques 
allowed the behaviour of the process to be evaluated. 

Table 1. 
Proximate analyses, sulphur forms and iron composition in the coal sample. 
Proximate analyses a Value 
Humidity (%) 4.6 
Ash (%) 27.0 
Volatile substance (%) 34.7 
Fixed carbon (%) 33.7 
Calorific value (Cal/g) 5106 
Sulphur forms (%)  
Pyritic 4.00 
Sulphate 0.79 
Organic 1.48 
Iron composition (%)  
Pyritic 3.50 
Non-pyritic 0.65 

a All values calculated on gross basis. 
Source: The authors. 

 
 

2.  Experimental Procedure 
 

2.1.  Coal 
 
High-volatile bituminous coal samples were collected 

from “La Angostura” mine (Morales, Cauca, Colombia). The 
sample was ground to a particle size between -8 +30 Tyler 
mesh (2.38 mm < particle size < 0.50 mm). Table 1 shows 
proximate analyses, sulphur forms and iron composition in 
coal samples. 

 
2.2.  Microorganism 

 
A consortium of A. thiooxidans (ATCC 15494) and A. 

ferrooxidans (ATCC 23270) were selected from the 
collection of Laboratorio de Biomineralogía y 
Biohidrometalurgia of the Universidad Nacional de 
Colombia - Sede Medellín. The microorganisms were 
previously adapted to coal biodesulfurization, according to 
an established protocol [3]. Inoculums preparation was 
carried out in 350 mL flasks, with a working volume of 150 
mL, containing 1g of coal per 10 mL of solution. The solution 
was composed of 10% v of inoculum (5x108 cells/mL), 150 
mg Fe2+/L (from FeSO4.7H2O) and modified T&K medium 
[14], defined as: 0.50 g/L of (NH4)2SO4, 0.50 g/L of 
MgSO4.7H2O, 0.50 g/L of KH2PO4 and 1.5 mL/L of H2SO4 
98% . The microorganism was adapted to ferric sulphate 
(92% of total iron as Fe3+ ions) and ferric chloride, replacing 
ferrous sulphate. The cultures were incubated in a shaker for 
12 days, at 30 ± 1 ºC, using a mixing rate of 180 ± 2 rpm. The 
incubation was repeated several times and no variations of 
the biodesulfurization ratio among the three last processes 
were observed.  

 
2.3.  Coal biodesulfurization processes 

 
The assays were prepared in 350 mL flasks, with a 

working volume of 150 mL, using a coal/culture medium 
ratio of 1:10 (g of coal: mL solution). The variables 
evaluated were: (i) proportion of iron added (mg/L): 150 
(C1), 700 (C2) and 1250 (C3) and (ii) iron source: ferrous 
sulphate (SF(II)), ferric sulphate – with 8% Fe2+ ions – 
(SF(III)) and ferric chloride (CF(III)). All processes were 
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incubated for 12 days, under similar conditions to the 
inoculum preparation and with the respective replica and 
abiotic control.  

All the experiments were monitored with measures of pH 
and redox potential (ORP), using a pH/ORP-meter SCHOTT 
Handylab. Total and ferrous iron in solution was determined 
in a spectrophotometer Thermo GENESYS UV 10, 
employing the method E 394-09, according to ASTM 
standard. At the end of the experiments, sulphur forms in coal 
samples were measured by the ASTM D 2492-02 method.  

Additionally, the mineralogical composition of the 
original and treated samples was established by XRD (X-ray 
diffraction). XRD analysis were made to -200 Tyler mesh 
coal in a Rigaku Miniflex II X-ray Diffractometer, using a 
step by step method, with 5° start angle, 70° stop angle, 
0.01°step angle, and counting time of 1 s. The minerals 
present on the coal were quantified by XRD using a Rietveld 
refinement. All simulations and calculations were carried out 
in the program X’Pert HighScore Plus©, using the data base 
PDF2.  

 
3.  Results 

 
3.1.  Biodesulfurization process 

 
Fig. 1 shows pH behaviour along the process. The initial 

value was the highest in the ferrous sulphate assays. In 
contrast, ferric chloride assays CF(III) C2 and CF(III) C3 
started at the lowest pH. In the first days of the process, 
ferrous sulphate assays increased in value, where SF(II) C2 
and SF(II) C3 assays reached the maximum (1.71 at day 3). 
Subsequently, SF(II) C1 assay did not have significant 
changes; however, SF(II) C2 and SF(II) C3 assays had a 
continuous pH decreasing up to day 12, especially by using 
1250 mg Fe2+/L (1.51).  

The assays using ferric salts also raised the pH value on 
the first day, although it was not as pronounced as the values 
observed in the ferrous sulphate assays. Later, all the assays 
had a pH decreasing, which was dependant on the iron source 
and concentration. CF(III) C3 assay showed the lowest value 
(1.37). 

As regards the abiotic controls, they presented a pH 
increase on the first day (Fig. 1b) and then did not evidence 
significant changes during the process, except for SF(III) C3 
and CF(III) C3 abiotic controls, whose values decreased after 
day 1, although they did not reach the same values as their 
corresponding bioassays. 

Fig. 2 presents redox potential (Eh). In the same way as 
the pH values, initial Eh depended on iron source and the 
initial concentration. Ferrous sulphate assays had the 
lowest values (below 450 mV). In contrast, the values were 
over 530 mV in the assays using ferric salts, especially by 
using ferric chloride.  Nonetheless, all the assays had a 
similar behaviour after day 1. Eh of the assays tended to 
stabilize between 550-560 mV after day 6 (day 9 for 
CF(III) C1 assay), except for CF(III) C2 and CF(III) C3 
assays, where the value did not surpass 500 mV. On the 
other hand, all the abiotic controls tended to reach 413 mV 
after day three. 

 

 
Figure 1. pH behaviour vs. time, a) Coal biodesulfurization assays to 
different iron salts and b) Abiotic controls. SF(II): ferrous sulphate, SF(III): 
ferric sulphate, CF(III): ferric chloride. Iron added were C1: 150 mg/L, C2: 
700 mg/L, C3: 1250 mg/L. 
Source: The authors. 

 
 

 
Figure 2. Redox potential behaviour vs. time, a) Coal biodesulfurization 
assays to different iron salts and b) Abiotic controls. SF(II): ferrous sulphate, 
SF(III): ferric sulphate, CF(III): ferric chloride. Iron added were C1: 150 
mg/L, C2: 700 mg/L, C3: 1250 mg/L. 
Source: The authors. 
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Figure 3. Iron removed behaviour vs. time, a) Coal biodesulfurization assays 
to different iron salts and b) Abiotic controls. SF(II): ferrous sulphate, 
SF(III): ferric sulphate, CF(III): ferric chloride. Iron added were C1: 150 
mg/L, C2: 700 mg/L, C3: 1250 mg/L. 
Source: The authors. 

 
 
All assays and abiotic controls showed iron dissolution on 

day 1 (Fig. 3). The quantity removed was around 12% in 
SF(III) C3, CF(III) C3 assays and abiotic controls and 10% in 
the other assays. After day 2, the abiotic controls of SF(III) C3 
and CF(III) C3 assays reached a maximum removal of around 
19%, while the abiotic controls of the other assays were 
between 12-14% (Fig. 3b). Moreover, SF(II) C1, SF(III) C1 
and CF(III) C1 assays reached a removal between 33-35% at 
the end of the process (Fig. 3a) and SF(III) C2 and SF(III) C3 
assays a maximum around 40%. In contrast, CF(III) C2 and 
CF(III) C3 assays had a removal below 25%. This correlated 
with the low redox potential observed in Fig. 2.  

Fig. 4 presents pyrite oxidized at the end of the process. All 
the assays using ferric sulphate and SF(II) C2 and SF(II) C3 
assays reached the maximum of pyrite oxidation (37.80%). In 
contrast, CF(III) C2 and CF(III) C3 assays obtained the 
minimum values (18.00% and 14.00%), showing a decreased 
pattern when the iron concentration increased (similar to 
observed in the Fig. 2, 3). SF(III) C3 and CF(III) C3 abiotic 
controls reached a chemical pyrite oxidation of around 9.00%, 
while the others did not have a significant value (below 3%).  

Although the assays using the two highest iron 
concentrations of ferrous and ferric sulphate reached the 
maximum of pyrite oxidized, SF(III) C2 and SF(III) C3 
assays had the best sulphate removal of around 70.00% (Fig. 
5). On the other hand, sulphate removed was low in CF(III) 
C2 and CF(III) C3 assays, similar to that observed in the 
parameters shown in Fig. 2, 3.  

 
Figure 4. Percentage of pyrite oxidized after coal biodesulfurization 
processes. SF(II): ferrous sulphate, SF(III): ferric sulphate, CF(III): ferric 
chloride. 
Source: The authors. 

 
 

 
Figure 5. Percentage of sulphate removed after coal biodesulfurization 
processes. SF(II): ferrous sulphate, SF(III): ferric sulphate, CF(III): ferric 
chloride. 
Source: The authors. 

 
 

 
Figure 6. X-ray diffraction pattern of the coal sample before the 
biodesulfurization process. K: kaolinite, Q: quartz, P: pyrite and J: jarosite. 
Source: The authors. 

 
 

3.2.  X-ray diffractogram analyses 
 
The X-ray diffractogram of non-treated coal (Fig. 6) 

showed the presence of pyrite, kaolinite, quartz and jarosite. 
The curvature of baseline between 2=13°-23° corresponds 
to the amorphous phase of coal [15].  

The Rietveld refinement for the semi-quantification of 
XRD patterns, showed 7.5% w of pyrite, 28.86% w of 
kaolinite, 1.69% w of quartz and not significant amounts 
(below 0.5%) of jarosite. A goodness-of-fit below 1.1% and  
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Figure 7. Silicates proportions in coal samples. SF(II): ferrous sulphate, 
SF(III): ferric sulphate, CF(III): ferric chloride. K: Kaolinite, Q: Quartz. 
R.C.: raw coal. 
Source: The authors. 

 
 

weighted residual profile below 20% were observed, 
considered good to accept this method [16,17]. 

Treated coal samples presented a decrease of kaolinite 
content (Fig. 7), reporting an average percentage of 18.57% 
(± 0.45%) between all the assays without a specific 
correlation with respect to the evaluated variables. Quartz did 
not show significant changes. As additional data, jarosite 
content was not significant (less than 0.4% w). 

 
4.   Discussion 

 
Ferric salts influenced pH at the beginning of the process. 

They ionise to Fe3+ and the respective anion (Xn-) in water 
solution by eq. (3). Then, Fe3+ hydrolyses by eq. (4)-(6) and 
releases H+ to the medium [18]. This explains why the assays 
using ferric salts started at lower values than assays using 
ferric sulphate. Besides, the equilibrium reaction of Cl- and 
H+ generates a stronger acid than SO4

2- and H+, influencing 
low pH. 

 
௡ܺଷ݁ܨ

										
ሯልሰ nFeଷା ൅ 3X௡ି (3) 

  
Feଷା ൅ HଶO

										
ሯልሰFeOHଶା ൅ Hା 

 
Feଷା ൅ 2HଶO

										
ሯልሰFeሺOHሻଶ

ଶା ൅ 2Hା 
 

Feଷା ൅ 3HଶO
										
ሯልሰFeሺOHሻଷ ൅ 3Hା 

(4) 
 

(5) 
 

(6) 
 
Additionally, the initial redox potential values depended 

on the concentration of Fe3+ ions, as this parameter is directly 
related to the Fe3+/Fe2+ ion exchange ratio [4,19–21]. Ferric 
sulphate assays had a lower Eh than ferric chloride assays, 
because the reagent contained 8% of Fe2+ ions. 

The following sections provide information on how both 
initial pH and Eh variations affect assays and abiotic controls 
during the processes for each iron source. 

 
4.1.  Sulphate salts effect 

 
The increment of pH on day 1 (Fig. 1) indicated H+ 

consumption by the A. ferrooxidans to biooxidize Fe2+, as 

shown in eq. (1). The results obtained agreed with the 
reaction mechanism, because the assays using the highest 
concentrations of Fe2+ consumed more H+, which explains 
why the highest pH values were similar to those reported by 
other authors [22]. Moreover, Fig. 7 indicates that kaolinite 
also might have consumed acid in its dissolution by eq. (7) 
[23,24].  

 
AlଶSiଶOହሺOHሻସ ൅ 6Hା

										
ሱۛ ሮ 2Alଷା ൅ 2SiOଶ ൅ 5HଶO (7) 

 
The subsequent pH decrease indicated that the acid 

production came from pyrite oxidation by eq. (2) and Fe3+ 
hydroxylation by eq. (4)-(6) [18], which produced more H+ 
after the lag phase. Therefore, assays using the two highest 
concentrations have a better pH decreasing, because they had 
a higher iron concentration in the culture medium. Since the 
coal did not present common alkalinizing compounds such as 
carbonates [3,4,10], it did not have a significant participation 
on pH changes around the process.  

The replacement of ferrous sulphate by ferric sulphate 
allowed the onset of sulphide oxidation to be faster by eq. (2). 
The extra acidity helped to avoid pH increase and improved 
iron and sulphate removal in relation to assays using ferrous 
sulphate (Fig. 3, 5), proving pH value affects solubility. 
Additionally, iron concentration also affected the process. 
Early research showed that values above 1200 mg/L induce 
the generation of precipitates as hydroxisulphates by eq. (8), 
compounds poorly insoluble at the conditions used 
[4,18,25,11]. This explains why SF(II) C3 and SF(III) C3 
assays decreased iron removal after day 9 (Fig. 3).  

 
3Feଷା ൅ Mା ൅ 2HSOସି ൅ 6HଶO										

ሱۛ ሮ MFeଷሺSOସሻଶሺOHሻ଺ ൅ 8Hା 
(8) 

 
Moreover, the similar pyrite oxidation reached by SF(II) 

C2, SF(II) C3, SF(III) C2 and SF(III) C3 (around 38%) 
indicate that Fe2+ concentrations above 800 mg/L produced 
sufficient Fe3+ to obtain a good Fe3+/Fe2+ ion exchange, 
regardless of the iron sulphate source. The only advantage of 
using high ferric sulphate concentrations was to reduce 
precipitates formation, because it did not affect redox 
potential behaviour after day 3 (Fig. 2). Ferric sulphate 
abiotic controls demonstrated that Fe3+ added oxidized pyrite 
on the first days, especially by using the highest 
concentration. However, Fig. 2b, 3b showed Fe3+ ions did not 
regenerate again due to the absence of the microorganism 
(stabilization of Eh to 413 mV and non-significant iron 
removal after day 3). This suggests that bacterial activity is 
the main controller of Fe3+/Fe2+ ratio. 

Nevertheless, the assay SF(III) C1 also obtained the best 
pyrite oxidation, 20% higher than the assay SF(II) C1. It 
indicated that the biodepyritization process (under the 
evaluated conditions) might obtain an increase of pyrite 
oxidized and a sulphate removal (64.51%) by adding 150 mg 
Fe3+/L. 

 
4.2.  Chloride salts effect 

 
Cl- ions had a negative impact on bacterial activity. These 

findings are similar to previous research which reported that 
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concentrations above 1000 mg/L of Cl- inhibited bacterial 
growth, reducing the regeneration of Fe3+ ions, and therefore 
pyrite biooxidation rate [26,27]. 800 mg/L and 1350 mg/L of 
Fe3+ provided 1520 mg/L and 2565 mg/L of Cl- respectively. 
Although this work evidenced microorganism activity, 
results showed the adaptation stages were not sufficient to 
counterattack all chloride toxicity for these concentrations.  

Furthermore, although ferric chloride assays had the lowest 
pH values (Fig. 1), the extra acidification did not help to increase 
sulphate removed (actually, it diminished), contrasting with the 
pH-sulphate solubility relation observed in ferric sulphate 
assays. The commercial use of ferric chloride as a coagulant in 
water treatment, especially to remove phosphate [28], is well 
known,. Ferric chloride probably attacked KH2PO4 from the 
culture medium and K+ inducted to the formation of precipitates 
as hydroxisulphates, reacting with the iron and sulphate product 
of oxidation of pyrite. The possible precipitation of ferric ions 
and some nutrients in the bacteria (K, P) might have affected 
sulphate-removed ratio, as observed in Fig. 5. 

 
5.  Conclusions 

 
The main contribution to replace ferrous sulphate by 

ferric sulphate was to support acidity to the media, which 
helps to improve sulphate removal.  Nonetheless, the present 
work found that replacing the common iron source of the 
culture medium by ferric sulphate in small quantities (150 
mg/L of Fe3+) was a good alternative to increase the pyrite 
oxidation rate within the same configuration process. 
However, this efficiency has to be tested in other scenarios, 
for example using high pulp concentration, because initial 
Fe3+ ions (from ferric sulphate) only acted as an accelerant 
and not as a catalyser. 

Furthermore, ferric chloride was not efficient as an iron 
source of Fe3+ ions. Although Fe3+ promoted chemical 
oxidation of pyrite during the first days, Cl- was toxic to the 
microorganism and furthermore acted as an inductor of the 
sulphate precipitates. Both factors considerably affected 
pyrite biooxidation and sulphate removal ratios.  

Moreover, besides pyrite and sulphate removal, all the 
assays presented kaolinite dissolution by acid leachate. This 
improved raw coal, because as inorganic matter decreases, 
calorific capacity increases, obtaining a better quality 
product. However, this phenomenon only depended on the 
acidity of the medium and not on the variables assessed. 
However, although ferric chloride did not work, future 
studies might evaluate other kinds of ferric salts, in order to 
determine a positive influence of the anions on pyrite 
oxidation and sulphate removal ratios.  
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Abstract 
Human operators are required to respond to alarms in normal conditions, and also to find solutions to unexpected situations in real time. 
The aim of this study is to increase the knowledge of human responses to alarms in the context of occupational situations. It describes how 
humans contribute to accidents, and pays special attention to the assurance of process safety assurance, which is in part realized by timely 
reactions to system alarms. An experiment involving an operator´s reaction times to alarm signals was undertaken to investigate whether 
there are differential responses to visual as opposed to auditory alarms. The findings in the research show that visual alarm indicators are 
perceived faster than auditory signals. Furthermore, there was a significant negative correlation between the number of errors and reaction 
time, indicating an individual difference in error-proneness when reacting to visual alarms in a supervisory task.  
 
Keywords: alarms, auditory signal; visual signal; human error; process safety; reaction time. 

 
 

Error humano y reacción a alarmas en seguridad de procesos 
 

Resumen 
Operadores humanos responden a alarmas en condiciones normales y también en situaciones inesperadas y anormales en tiempo real. El 
objetivo de este estudio consiste en aumentar el conocimiento de las reacciones humanas a alarmas en el ámbito laboral. Describe como  
los humanos pueden contribuir a accidentes y presta atención a la seguridad del proceso que se efectúa en el tiempo de reacción a las 
alarmas de sistema. Este experimento fue ejecutado para investigar si hay diferencias en respuestas diferenciales a alarmas visuales 
comparándolas a alarmas auditivas. Los resultados indican que las alarmas visuales son percibidas de manera más eficiente que las alarmas 
auditivas. Incluso, se pudo ver una correlación negativa entre la cantidad de errores y el tiempo de reacción, lo que indica una diferencia 
individual en su disposición a errores cuando reaccionan a alarmas visuales en operaciones de supervisión.   
 
Palabras Clave: alarmas; señales auditivas; señales visuales; error humano; seguridad de procesos; tiempo de reacción. 

 
 
 

1.  Introduction 
 
Technological progress has contributed to more advanced 

human-machine systems. However, in complex systems, 
human error is still perceived as a cause or contributing factor 
to in approximately 90% of accidents. Most of these 
accidents could have been prevented by safety management 
measures [1]. This is particularly visible in the case of 
accidents in construction and manufacturing, in which errors 
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are viewed as inappropriate human decisions that have a 
negative impact on the operation of technical systems. 
Thereby they impact system performance by reducing safety 
and effectiveness [2]. Management of human errors is 
commonly focused on training, motivation, hardware design, 
and management systems, all of which can lead to improved 
safety performance [3,4]. 

In this paper, the role of humans in system failures in an 
industrial setting is discussed, and the particular element of 
alarm perception and reaction is tested in an experiment. The 
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study aims to illustrate the effect of different alarm signals on 
human operators’ reaction times and identify alarms for 
which the response was defined according to a pre-defined 
code. Reaction time and the correctness of responses for 
compound reactions were assessed for auditory and visual 
signals in a laboratory simulation situation. The final part of 
the paper formulates recommendations for overall system 
performance in machinery and equipment design. 

 
2.  Human contribution to occupational accidents  

 
Theories on the causes of occupational accidents have 

changed over the years. However, two basic perspectives on 
human error and human contribution to accidents can be 
identified [5,6]. The first approach, hereafter named the “old” 
approach began at the start of the 20th century. This approach 
states that “…certain individuals are always more likely than 
others to sustain accidents, even though exposed to equal risk…” 
[7, p.1]. The basic assumption in the ‘old’ approach was to see 
engineered systems as fundamentally safe, while unreliable 
humans were the primary threats to safety. According to this 
approach, the employer was not responsible for bad working 
conditions, and employees were accused of causing accidents 
[8]. The way to improve safety was to protect the systems 
through the training of operators, by keeping discipline, and 
through the application of procedures and through the selection 
of appropriate workers (e.g. by employing the less accident 
prone workers). In more recent times, this approach involved 
introducing automation in industrial processes [5]. It was not 
until the second half of the twentieth century that a system was 
seen as a factor that contributed to accidents. Employers were 
also required to provide safe working conditions for the first 
time. At the same time, it was realised that a person's accident 
proneness may differ from one period to another [7,9]. 
Moreover, research has shown that dismissing workers due to 
their accident proneness does not positively affect the ratio of 
occupational accidents [10]. The problem of accident proneness 
remains a widely discussed topic [11] and studies show that 
operators’ accident proneness only refers to a small amount of 
accidents, for which the application of preventive safety barriers 
can reduce the involved risks [12].  

Alternatively, according to the new approach, human 
error is no longer seen as a cause, but rather as a symptom of 
an underlying systemic weakness or failure. Hence, human 
error is not a cause in itself but it rather is something that must 
be explained. In contrast to the assumptions of the old 
approach, the new approach holds that safety is not intrinsic 
in systems as systems are created to fulfil multiple 
incompatible human goals simultaneously. Many of these 
goals can be conflicting, as is exemplified by the wish to 
improve safety and efficiency simultaneously (e.g. reducing 
relative number of errors while also increasing production). 
Human error is clearly associated with features of tools, tasks 
and operating environments. Therefore, human beings and 
their interaction with technology are important for creating 
safety and progress in terms of safety levels [5]. Thus, there 
is need for further investigation of human error and 
organizational deficiencies, design problems, and procedural 
shortcomings. Following on from this, it can be claimed that 

Table 1.  
Accident models: a review. 

Author Model Accident causation 
Heinrich 
(1931)  

 Domino 
theory 

Ancestry and social environment, 
worker fault, unsafe act together with 
mechanical and physical hazard, 
accident, damage or injury  
 
Lack of control: inadequate program, 
program standard, compliance to 
standard; basic causes: personal 
factors, job factors; immediate causes: 
substandard acts, substandard 
conditions; incident: contact with 
energy or substance; loss: people, 
property, environment, progress  
 
Fallible board decisions and policy, 
line management problems, 
psychological precursors of unsafe 
acts, unsafe acts, accident  
 
Government, regulators associations, 
company, management, staff, work  
 
 
Inadequate control or enforcement of 
safety-related constraints, safety: 
control problem; accidents appear 
when component failures, external 
disturbances, dysfunctional 
interactions between system 
components are not adequately 
handled 

 
 
 

Bird & 
Germain 
(1985) 

 
 
 
 
 
 

Reason 
(1990) 

 
 
 

Rasmussen 
(1997) 

 
 

Leveson 
(2004) 

 

 
 
 

ILCI model 
 
 
 
 
 
 
 
 

Swiss cheese 
accident 
causation 

model 
 

Risk 
management 
framework 

 
STAMP 
model 

Source: Adapted from [13-17]. 
 
 

the new approach to human error shows a significant 
movement towards human factors and points to new ways of 
managing organizational safety. 

As there are different approaches to the causes of 
occupational accidents, the literature review allowed us to 
make a distinction between different accident theories, as are 
summarised Table 1. 

These models provide an insight into how and why 
accidents happen in organization. However, it should be 
stressed that there are only a few accident models that are 
based on human factors research [11]. They refer to different 
factors that appear in many forms; however, generally they 
reflect human and technical aspects, when a human being can 
be recognized as assurance of safety. It should also be 
mentioned that the technical system design can be 
controlled/designed to reduce the occurrence of human 
errors, whereas the control of environmental factors and 
manner of human operation of the system are somewhat less 
controllable. Predominantly, in large organizations and 
compound technologies, more than one sin gle liability can 
be distinguished [5,8,15,18].  

 
3.  Process safety performance 

 
Over the last three decades, automation has changed the 

role of operators from manual control to supervision [10]. A 
great effort has been put into equipment design and interface, 
operation, operator selection and training and behavioral 
enforcement. These efforts have resulted in a drop of process 
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safety accidents. There is still a need to operate complex 
systems with the recognition of operation breakdowns that 
occur as a result of human error [18]. It should be emphasized 
that the main category of human error is operating errors. For 
example, the following situations can result in operating 
errors [19]: 
 lack of appropriate procedures 
 task complexity and overload conditions 
 poor personnel selection and training 
 operator carelessness and lack of interest 
 poor environmental conditions 
 departure from the correct operating procedures 

In order to monitor the performance of systems the 
operators have to do many tasks that can rely on [20]: 
 monitoring sensor data from components (voltages, status 

of the capacitors, transmission lines, transformers, circuit 
breakers, etc.) 

 monitoring the grid as a holistic system  
 communicating information among several sub-systems 
 responding to alarms 

Alarm systems play a significant role in industrial 
production as they assure process quality and reliability. 
Industrial production requires human operators who observe, 
and, if necessary, intervene in process malfunction or 
abnormal system performance i.e. when the values of the 
system parameters exceed predefined tolerance limits, or 
approach critical levels [21,22]. However, nowadays a large 
number of notifications, which are configured inside such a 
system, lead to the operator receiving much more alerts than 
s/he can physically and cognitively perceive. Due to the 
material, energy and information flow in a plant, particular 
disturbances can cause multiple subsequent alarm messages, 
which may overload the operator with redundant alarms. This 
results in an “alarm flood”, when an operator is not able to 
react within a recommended response time and find the root 
cause of disturbances. Finally, the industrial applications of 
alarm systems become unreliable due to their complexity 
[23].  

In order to increase knowledge of human reactions to 
unreliable signals, researchers refer to theories of learning 
and human cognition such as:  
 Probability matching - the approximation of the perceived 

true alarm rate on the basis of the observed alarm 
responses  

 Signal Detection Theory - signal detection and response 
is more rapid for historically reliable alarm systems 

 Automation trust - the exhibited trust relates to behavioral 
patterns of system use and misuse  
Regardless of what the operation task is, alarm reaction 

patters are unquestionably influenced by perceived alarm 
system reliability [24].  

According to Lee and See [25] reliability of the alarm 
system is described as the percentage of critical events that 
are correctly identified by the alarm system. It is determined 
by the alarm’s sensitivity, setting of thresholds and defined 
probability of dangerous conditions [26]. The higher the 
alarm system's reliability is, the more that operators can rely 
on the alarm and the less monitoring the data is required. On 
the other hand, when reliability is low, the chance of the 
occurrence of false alarms or misses is higher and the relevant 

process data have to be monitored more frequently to be able 
to keep monitoring performance at a high level [27,28]. 
Unreliable systems can contribute to sensor failure or their 
inadequate performances, data processing limitations or 
output failure (i.e. electrical problems or component 
malfunction, etc.). All these states can lead to potentially 
hazardous situations as they cause more deviations in other 
parts of the plant [23].   

 
4.  Human reaction to alarms 

 
Displays and controls have been used for a long time in 

human-machine interfaces. They range from simple to 
complex manufacturing systems and processes. There are 
also distinct sets of human factor principles for choosing 
frequency, duration, and intensity of signal presentation. In 
order to obtain attention and a response, the two most 
common modalities can be differentiated, which are visual 
and auditory signals.  

In everyday life, most information is perceived with the 
eyes; however, in complex systems, where the object of the 
task is out of visual view, the use of auditory stimuli has 
become more common. Therefore, in industrial control visual 
and auditory signals are often presented together rather than 
as alternatives; however, they may also be separate or 
simultaneous, synchronous or asynchronous [29,30]. They 
can be used in hand and/or foot controlled communication 
devices. The foot controls are mainly designed for seated 
operators when there is a need to reduce the workload on the 
hands, or when free hands are required for tasks with greater 
levels of precision and skill. However, it should be 
emphasized that even in the case of equipment or systems 
that have foot controls (i.e. automobiles, airplanes), nearly all 
controls are assigned for hand control [31]. 

The literature studies revealed that the timing of auditory 
stimuli is generally longer than the timing of visual stimuli 
for the same signals presented separately. Furthermore, 
duration discrimination is more precise for auditory than for 
visual stimuli in simultaneous presentations [32]. It was also 
identified that the time perception relies on the prefrontal and 
parietal regions, and on the auditory and visual cortices. 
However, the neural mechanism responsible for these 
modalities remains unclear [33]. Moreover, in recognition of 
visual and auditory signals, the phenomenon called visual 
dominance [34] must be taken into account. Based on this, 
auditory signals may seem not to be responded to in 
simultaneous presentation with visual signals, which 
indicates that their use can be ineffective in control situations. 
Nevertheless, in many situations, it was recognized that they 
might stimulate situational awareness and thereby improve 
the effectiveness of visual displays. They are superior to 
visual signals for warning in monitoring tasks in which there 
is no need to observe a particular location all the time [35]. 

The level of urgency of alarms is correlated with the level 
of urgency of the indicated danger [36]. Furthermore, the 
perception of alarms is subject to their frequency, intensity, 
and repetition. For instance, a low frequency alarm, which is 
repeated slowly, shows low urgency, whereas a high 
frequency alarm repeated quickly implies high urgency [37]. 
In simulated conditions it was shown that the reduction of 
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luminous intensity from 42 to 5 cd increases the reaction time 
by 84 ms [38]. In the case of auditory signals, increased 
signal intensity causes faster reaction time, whereas its high-
intensity, which is synchronous with a visual signal, reduces 
choice reaction time [39]. Thus, the growth of the intensity 
of auditory signal weakens the visual supremacy. For 
synchronous auditory and visual tasks, sound source location 
does not have a facilitating effect. It was concluded that 
sound not only warns, but also has an overall alerting effect. 
Auditory signals are quite useful when the spatial-visual 
information is limited or chaotic. For instance, they can be 
applied in control console tasks in which they alert operators 
or request action. While listening to critical auditory 
messages, visual signals are monitored. To optimize their 
reaction rate and reduce their performance lag, a fore-period 
warning (at least 2s and no more than 4s) is required to draw 
attention to incoming signals. Both signals should be 
simultaneously presented from the same direction to ensure 
quick responses. Nevertheless, in the case of asynchronous 
signals, a short delay (200 ms) between them may give a 
negative result, giving a poor response speed and accuracy 
[29]. 

Base on the literature study, it was hypothesized that 
reaction times for visual alarms would be significantly 
shorter than reaction times for audible alarms. It was also 
postulated that audible alarms would have a higher 
percentage of errors than visual alarms.  

 
5.  Materials and methods 

 
Eighty-seven second-year students from engineering 

management and safety engineering courses in Poznan 
University of Technology participated in the experiment. The 
sample consisted of 36 males and 51 females, with a mean 
age of 20.16 years (SD = 0.37). They did not report having 
hearing loss or color vision deficiency. In order to have free 
movements they were asked to wear casual and comfortable 
clothing. As the experiment was conducted during their 
laboratory classes, all the students were awarded a course 
credit. 

At the beginning of the experiment the task was clearly 
explained, and then participants were allowed to practice 
until they became familiarized with it. Their individual 
training lasted for about 5 minutes. Afterwards, they 
experienced 3 visual and 1 auditory signals while operating 
the simulator (MCR-2001E). The experimental task was to 
react to 50 signals according to the previously defined code, 
which is shown in Table 2. When the experimental task  
 
Table 2.  
Alarm sequence representation 

Element number Modality Element number Modality 
1 
2 

3-5 
6 

7-9 
10 

11-22 
23 

24-25 

visual 
audible  
visual 

audible 
visual 

audible 
visual 

audible 
visual 

26 
27-31 

32 
33-35 

36 
37-39 

40 
41-50 

 

audible 
visual 

audible 
visual 

audible 
visual  

audible 
visual 

 
Source: The authors. 

started, a single auditory or visual target signal appeared on 
its own for each test trial. No feedback on the accuracy of 
responses was given to the participants. 

Only reaction times for correct responses were recorded. 
Incorrect responses were given a reaction time of zero (0) and 
treated as a missing variable in the statistical analysis. Mean 
reaction time was calculated by summing up all the correct 
response times for each participant and then dividing this sum 
by the number of correct responses for visual and auditory 
alarms respectively. 

IBM SPSS 22 was used for statistical analysis. All 
confidence intervals for r (Pearson correlation) were 
calculated using the bootstrap function in SPSS, and there 
were 1000 resamplings that had replacement.  

 
6.  Results and discussion 

 
Visual alarms (M = 524.67 ms, 99% CI [506.39, 540.73]) 

had a significantly shorter reaction time than audible alarms 
(M = 579.27 ms, 99% CI [552.88, 608.64]) as measured by a 
paired samples t-test (t(86) = -6.336, Mdiff = -54.61 ms, 99% 
CI of Mdiff [-77.31, -31.90], p < .001). This is in accordance 
with the literature review and the stated expectations of this 
study. 

Following this difference in mean reaction time, a 
difference in delayed (but correct) responses was expected. 
Delayed responses where defined as responses with more 
than 500 ms reaction time. Visual alarms had a much lower 
ratio of delayed responses (M = 42.78%, 99% CI [37.37%, 
49.47%]) than audible alarms (M = 57.12%, 99% CI 
[49.01%, 65.57%]). This difference was statistically 
significant as measured by a paired samples t-test (t(86) = -
4.869, Mdiff = -14.33%, 99% CI of Mdiff [-22.09%, -6.58%], p 
< .001).  

Regarding the number of errors, a paired samples t-test 
showed that there was no difference in the ratio of errors for 
visual alarms (M = 11.30%, 99% CI [9.35%, 13.49%]) as 
compared to audible alarms (M = 10.49%, 99% CI [7.61%, 
13.36%]). The difference was not significant (t(86) = 0.616, 
Mdiff = -0.008%, 99% CI of Mdiff [-0.027, 0.043], p = .54). 
This is not in accordance with the hypothesized difference 
that audible alarms would be more prone to errors. 

When the relationship between the rate of errors and 
reaction time was further investigated, a statistically 
significant negative correlation was found between reaction 
time for visual alarms and the ratio of errors to correct 
responses (r(87)= -.301, 95% CI [-.484, -.085]). This indicated 
that the participants who on average responded faster to 
visual alarms also tended to make a larger number of errors; 
therefore, this indicated an individual difference in error-
proneness when reacting to visual alarms in a supervisory 
task.  

For audible alarms, the same negative correlation 
between reaction times and ratio of errors was observed, but 
this relationship was not statistically significant (r(87)=-0.95, 
95% CI [-.223, .117]). The lack of a significant negative 
correlation in this study could be due to the relatively lower 
number of auditory alarms (8 in total) compared to visual 
alarms (42 in total).  

This study employed a non-randomized convenience 
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sample, hence limiting the ability to make causal inferences 
outside the current sample. However, our findings are still in 
accordance with the existing literature on this matter.  

The limited number of audible alarms has restricted our 
ability to identify real differences in error rates when 
responding to audible alarms. This limitation can explain our 
lack of ability to statistically identify differences between 
error rates as well as the lack of a significant negative 
correlation between reaction time and error rates for audible 
alarms. This limitation can be amended in future studies by 
balancing the number of visual to audible alarms.  

 
7.  Conclusions 

 
In any process industry, safety issues are of primary 

importance as any accident can have cataclysmic 
consequences for both people and the environment. 
Therefore, efforts must be made to prevent or limit the 
hazards of the plant. To achieve this aim, an increasing 
number of industrial quality and reliability systems is 
applied. In these systems, operators pay attention to present 
process states and predict their future states using 
information from alarm systems. Alarms are frequently 
performed via display terminals in which information is 
presented in a variety of formats. In this paper, particular 
attention has been paid to visual and audible signals. The 
results of the present study revealed that the participants 
could react faster to visual signals than audible ones when the 
signals are predefined according to a code. No difference was 
found in the reaction of errors compared with the total 
number of alarms.  

These results aim to be helpful in formulating 
recommendations to work towards a more optimal design of 
control consoles when auditory and visual displays are 
presented. They may be also effective in improving system 
performance in machinery and equipment design. 
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Abstract 
When executing a task, brain activity can be observed through electric waves recorded in different frequency bands. The main ones are the 
Alpha, Beta, Theta and Delta waves. According to some authors, Alpha and Beta waves are related with cognitive capacity and, their 
presence and evolution, with an individual’ alertness. In this study, the intention was to evaluate how brain activity is directly influenced 
by temperature and humidity while performing a task. Therefore, a set of laboratory tests were undertaken to simulate sedentary work in 
two different thermal environments: 18ºC - 40% RH (cold) and 35ºC - 80% RH (hot). In the hot thermal environment, oscillation on 
Alpha waves amplitude suggests an alternation between periods of tiredness with periods in which concentration increases. Regarding Beta 
waves in the cold thermal environment, most of the time Beta activity is typically higher than that verified in the hot thermal environment. 
 
Keywords: Alpha waves, Beta waves, thermal environmental, cognitive capacity. 

 
 

Cambios en la amplitud del EEG (ondas Alfa y Beta) con el medio 
ambiente térmico 

 
Resumen 
Cuando se ejecuta una tarea, puede observarse actividad cerebral através de las ondas eléctricas en diversas bandas de frecuencia. Los 
principales son las ondas Alfa, Beta, Theta y Delta. Según algunos autores, las ondas Beta y Alfa están relacionados con la capacidad 
cognitiva y, su presencia y evolución,  la aparición y evolución, con el estado de alerta de un individuo. En este estudio, la intención fue 
evaluar cómo actividad cerebral está directamente influenciada por la temperatura y humedad  mientras realiza una tarea. Por lo tanto, se 
llevaron a cabo un conjunto de pruebas de laboratorio para simular trabajo sedentario en dos diferentes ambientes térmicos: 18 ºC - 40% 
RH (en frío) y 35 ºC - 80% RH (caliente). En el ambiente térmico caliente, la oscilación de amplitud de las ondas alfa sugiere una alternancia 
entre periodos de cansancio con los períodos en que aumenta la concentración. Con respecto a las ondas Beta en el ambiente térmico frío, 
la mayoría de la actividad Beta es típicamente mayor que el verificado en el ambiente térmico caliente. 
 
Palabras clave: ondas Alfa, ondas Beta, ambiente térmico, capacidad cognitiva. 

 
 
 

1.  Introduction 
 

1.1.  Occupational risk and thermal environmental  
 
The economic and social development that has taken 

place throughout the 20th century has been accompanied by 
a greater awareness of work safety and health problems and 

                                                      
How to cite: Tiago-Costa, E., Quelhas-Costa, E. and Santos-Baptista, J., Changes in EEG amplitude (Alpha and Beta waves) with Thermal environment. DYNA 83(197), pp. 87-93, 2016. 

also by the development of protective measures for workers. 
The objective has been to minimize risk. Despite these 
efforts, there are still working situations that can be very 
harmful to workers’ safety and health. One of these situations 
is related to workers who perform activities in “extreme” 
thermal environments, even if these are sedentary activities.  

It is pertinent to assess the relationship between thermal  
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Figure 1. Influence of different conditions in human ability. 
Source: [10]. 

 
 

environment and cognitive capacity since all human activity 
is influenced by the surrounding environment, including 
working activities. This allows the question of how thermal 
environment influences human being’s responsiveness to be 
clarified. Over the course of undertaking this research, we 
found several studies on the subject that have been performed 
in controlled environments, such as climatic chambers [1-5]. 
Furthermore some of the relevant literature [6,7] states that 
thermal environment can have a negative impact on 
performance, particularly when combined with other 
variables such as exposition time or task duration. 

With increased technological development the workplace 
assumes a greater complexity. This increased complexity 
often brings additional risks for workers. Increasing 
technological complexity requires, from the worker, an 
increased cognitive performance, which may be jeopardized 
due to an inadequate thermal environment. 

 
1.2.   Influence of environment in human ability 

 
The way that each individual feels the surrounding 

environment is influenced by intrinsic and extrinsic factors 
from the individual himself [8,9]. Tolerance to environment 
depends directly on, among others factors, age, aerobic 
capacity, hours of rest, lifestyle and consumption of 
medicines. These factors can be classified as shown in Fig. 1.  

All of these strongly influence the feeling of well-being. 
The psychophysiological and physiological factors mean that 
different individuals in similar environmental conditions feel 
the conditions to which they are exposed differently. 

 
1.3.   Characterization and interpretation of brain waves 

 
Monitorization and interpretation of brain waves can 

clarify how cognitive capacity is influenced by the thermal 
environment. The different types of brain waves / activities 
are: 
• Delta Activity– is referred to as a "slow wave"; it is in the 

frequency range between 0.5 Hz and 4 Hz. This type of 
activity is recorded in the transitional phase for sleep and 
during sleep [11]. 

• Teta Frequency– this lies between 4 Hz and 7 Hz. Itis 

associated with different psychological states, which 
include low levels of alertness and, consequently, is 
associated with the decrease in the capacity to process 
information. Theta frequency can also be considered a 
"slow wave" [12]. 

• Alpha waves– This type is dominant in adult human 
brains, and has a frequency of between 8 Hz and 13 Hz. 
The waves´ presence is common in the occipital cortex, 
during the period of wakefulness. Whenever the eyes are 
closed, the presence of this type of waves is common. 
When head wavers due to fatigue occurs, and when trying 
to be aware, Alpha wave activity decreases [11]. The 
presence of these waves during when the individual is 
awake and in a state of relaxation, leads to a slow 
response to stimuli [13]. 

• Beta waves– These have a frequency of between 13 Hz 
and 30 Hz, which indicates a high propagation speed. 
Their presence is associated with a state of arousal/alert. 
Beta activity can occur in humans while performing a 
motor task that requires high reaction time [14]. 
This study aims to contribute by establishing a 

relationship between thermal environment, and the signal 
amplitude of brain waves (Alpha and Beta), in particular the 
cognitive performance of individuals under uncomfortable 
environmental conditions. 

 
2.  Materials and Method 

 
2.1.  Main equipment 

 
Monitoring and data collection was done using specific 

equipment. Table 1 presents the equipment that was used and 
its respective functions. After all the equipment [15] to be 
used was selected, each piece was tested and validated under 
trial protocol [16]. 

 
2.2.  General trial conditions 

 
The relationship between cognitive capacity, thermal 

environment and brain waves was evaluated by performing 
experimental trials with 10 male volunteers. Their ages were 
between 18 and 36 years old, with an average of 26±6 years. 

In these trials, each volunteer performed two cognitive 
tests. The first was held at 18ºC - 40% RH, and the second 
was done seven days later at 35ºC - 80% RH. All the trials 
were performed between 6:00 pm and 8:00 pm. The 
operating conditions were simulated within a Climate 
Chamber with an error of ±1ºC and ±2% RH. 

 
Table 1. 
Equipment used in laboratory tests. 

Equipment Function 

Brain-sensors  
(Emotiv Epoc – 

EEG*) 
Monetarization of brain 

activity  
Climatic 
Chamber  

(Fito-Clima 
2500EC20) 

Simulation of thermal 
environments 

Internal 
Thermal 
Sensor  

(Vital Sense) 
Monetarization of core 

temperature 

Skin Thermal 
Sensors  

(BioPlux) Monetarization of skin 
temperature 

* electroencephalogram. 
Source: [17]. 
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Figure 2. Neck and forehead points to control the skin temperature. 
Source: [18] 

 
 

Figure 3. Emotiv equipment and the respective signal. 
Source: www.engr.ucr.edu 

 
 
Each volunteer was submitted to each one of the 

environmental conditions for 60 minutes after a stabilization 
period of 20 minutes outside the chamber (in the laboratory) 
at a temperature between 20ºC and 22ºC and a relative 
humidity between 55% RH and 65% RH. After this period, 
the volunteer who entered the climatic chamber waited for 10 
minutes under environmental test conditions before 
beginning the essay. These 10 minutes were used to install an 
EEG device on the volunteer´s head. The total time for each 
experiment was 90 minutes. Control of skin temperature was 
undertaken at two points, one on the neck and the other on 
the forehead of the volunteer, as shown in Fig. 2. In all the 
tests, all volunteers were dressed with 0,7 clo. 

For the trials at 35ºC - 80% RH, core temperature was 
also controlled. In total were conducted 20 tests. Skin 
temperature allowed individual stabilization to be controlled. 
Core temperature allows signs of thermal stress to be 
identified, especially when the organism was exposed to high 
temperatures (35ºC - 80% RH) [19]. This monitoring also 
allows the risks of excessive exposure to heat to be 
minimized. 

To evaluate brain activity we used a specific interface 
(brain computer interface) that allowed Alpha and Beta 
waves to be registered. Only brain waves from the left and 
right occipital were studied. The occipital lobe is related to 
the visual sense and to the ability to process information and 
understanding its contents.  

All selected volunteers were male. To obtain a high-
quality signal, all electrodes must be connected (in green), as 
is shown in Fig. 3. 

Volunteers’ cognitive capacity was stimulated by 
performing a "game/task". Each individual had to follow the  

Figure 4. Go/No-Go test image. 
Source: [20] 

 
 

given instructions. Each volunteer undertook a one hour task, 
in this case, the Go / No-Go test [20] (Fig. 4) and completed 
it as successfully as possible. Go/No-Go is a selective 
attention test that does not have learning effects over the 
results as is totally random. 

Before starting the test, we explained what we intended 
to happen and the risks to the volunteer and an informed 
consent was signed. The study was approved by the Ethics 
Committee of the University of Porto (nº04 CEUP/2012). 

 
2.3.  Questionnaires 

 
Before entering the Climate Chamber the volunteer 

answered 4 questions in order to assess their lifestyle, 
namely: a -Ingested caffeinated drinks in the last 12 hours?; 
b -Ingested alcoholic drinks in the last 12 hours?; c - Any 
medicine taken?; d - Good overnight rest?  

These questions are relevant as they allow us to know if 
the volunteer is tired at the beginning of the test and, 
therefore, if task performance could be affected by other 
factors in addition to temperature and humidity. 

Once the test was completed (1 hour), all the equipment 
was turned off, and the volunteer leaves the Climatic 
Chamber. 

 
3. Results and discussion 

 
3.1.  Lifestyle 

 
The answers given by the volunteers about their lifestyle 

before starting the tests helped to interpret the results (Table 
2). Lifestyle can interfere with the results, for example, 
disguising fatigue (coffee) or reducing concentration power 
(alcohol).  

Although some volunteers had a lifestyle that may 
influence the results (gray in Table 2), i.e. inserting biases in 
the results, we decided to include them if they are usual 
consumers of small doses. 

 
3.2.  Skin and core body temperature 

 
Fig. 5 shows the evolution of the skin temperature 

average in the forehead and neck at 18ºC - 40% RH for the 
ten volunteers. Fig. 6 shows the evolution of skin temperature 
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average at 35ºC - 80% RH at the same skin points. In both 
environments, skin temperature stabilizes. This level is 
clearer on the forehead and for hot temperatures. It is also 
interesting to notice that in hot environments, on both control 
points, neck and forehead, the temperature value has almost 
the same value after stabilization. 

The core body temperature that was measured only in the 
hot environment (35ºC - 80% RH) shows a great stability 
over time (Fig. 7). 

 
Table 2.  
Lifestyle Assessment for each volunteer. 

Volunteer 35°C – 80% RH  18ºC – 40% RH 
 a b c d a b c d 

1 Yes No No Yes Yes No No Yes 
2 No No No Yes No No Yes Yes 
3 Yes No No Yes Yes No No Yes 
4 No No No Yes No No No No 
5 No Yes No Yes No No Yes No 
6 Yes No No Yes No No No Yes 
7 No No No No No No No Yes 
8 Yes No No Yes Yes No No No 
9 No No No Yes Yes Yes No No 
10 No No No No No No No Yes 

Yes 40% 10% 0% 80%  40% 10% 20% 60% 
No 60% 90% 100% 20%  60% 90% 80% 40% 

Source: The authors 
 
 

 
Figure 5 Forehead and neck mean temperature  
Source: The authors 

 
 

 
Figure 6 Forehead and neck mean temperature  
Source: The authors 

 

 
Figure 7 Core body temperature average at 35ºC80%RH 
Source: The authors 

 
 

3.3.  Brain activity   
 
Figs. 8 to 11 represent the average results for recorded 

brain activity. When Figs. 8 and 9 are compared with the 
Figs. 10 and 11, it is possible to confirm thermal 
environmental influence on brain activity (Alpha and Beta 
waves’ amplitude). For the colder environment (18ºC - 40% 
RH) Alpha activity is far superior to that obtained in the hot 
environment (35ºC - 80% RH). This excludes the 
occasionally-raised hypothesis that the perspiration is the 
main cause of the occurrence of high values of the EEG 
signal for hot environments.  

In a state of wakefulness in which the volunteers are 
concentrated (eyes open), Alpha activity is usually small. As 
individuals become fatigued Alpha, activity is expected to 
increase. However, when time goes on, in the case of the 
trials at 35ºC - 80% RH (Fig. 8), only a small decrease in 
Alpha activity can be observed, which does not verify the 
expected trend. For the trials at 18ºC and 40% RH (Fig. 9), 
there is a decrease in Alpha activity in the first part of the test 
(20-30 min); this then increases until Alpha activity 
maintains values that are close to the initial values. The 
increase in Alpha activity suggests an increase of 
tiredness/fatigue in the volunteers.  

Another relevant fact is the discrepancy of activity 
between the right and left brain hemispheres for hot thermal 
environments. In the left area of the brain (occipital 1) the 
range values activity is between 4-9 µV while in right area 
(occipital 2) this range rises to 11-19 µV (Fig. 8). It seems 
that in a hot thermal environment the temperature and relative 
humidity affect the left and right hemispheres differently. 

According to several studies [11], Beta activity is 
considered the one that best describes alertness/arousal. 

In a cold thermal environment, Beta activity is typically 
higher than the activity verified for the hot thermal 
environment. 

It is usually considered that a decrease in Beta activity is 
related to the loss of the ability to concentration (reduction of 
surveillance), which was be verified throughout the trial. It is 
therefore possible to consider that cold thermal environments 
(Fig. 10) are conducive to higher levels of 
concentration/alertness than hot environments (Fig. 11). 

Thermal Environment 18°C/40%HR 

Thermal Environment 35°C/80%HR 

Internal Temperature 
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When comparing the activity between left side and right 
side of the brain, the activity in the occipital 1 (left) is lower 
than the one verified in occipital 2 (right). 

 

Figure 8. Alpha Brain Activity  
Source: The authors 

 
 

Figure 9. Alpha Brain Activity. 
Source: The authors 

 
 

Figure 10. Beta Brain Activity  
Source: The authors 

 
After analyzing the data of brain activity for the two 

frequency bands (Alpha and Beta) it is possible to calculate 
the Alpha/Beta ratio. This ratio is developed to relate the two  

Figure 11. Beta Brain Activity  
Source: The authors 

 
 

Figure 12. Ratio Alpha /Beta  
Source: The authors 

 
 

Figure 13. Ratio Alpha /Beta  
Source: The authors 

 
 

most relevant frequencies, which facilitates understanding of 
the evolution of individual´s cognitive state. 

With the analysis of the Alpha /Beta ratio, it is possible to 
observe the evolution of fatigue/tiredness over time. Theoretically 
an increase in fatigue levels over the trial time is expected, and the 
consequent tendency is to increase the Alpha/Beta values ratio. 
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Table 3  
Values of the amplitude averages for the different waves over time in each 
hemisphere 

 
Alfa 
O1 

Alfa  
O2 

Beta 
O1 

Beta  
O2 

AlfaO1/ 
BetaO1 

AlfaO2/ 
Beta O2 

18ºC40%RH 10,8µV 14,6 µV 4,9 µV 11,5 µV 2,1 µV 0,6 µV 

35ºC80%RH 7,4 µV 16,7 µV 1,5 µV 12,5 µV 1,5 µV 2,1 µV 

Source: The authors 
 
 
However, this expectation was only applied to the 

occipital 2 for 35ºC - 80% RH (Fig. 12) and very dimly at the 
end of the test in the cold thermal environment in occipital 1 
(Fig. 13). 

Interpreting Alpha and Beta wave activity still lacks 
scientific unanimity. It is commonplace that different studies 
reveal completely diverse results and interpretations. Some 
authors report that Alpha waves show changes at different 
temperature [21], and others report that alpha and beta 
increase at either 17ºC or 28ºC [4]. 

A comparison of both hemispheres can be seen in Table 
3; when the average amplitude of Alpha waves increases, 
there is a decrease in the amplitude of Beta waves. This 
concurs with Eoh et al.´s results [22]. 

 
4.  Conclusions 

 
In hot thermal environment Alpha activity tends to 

decrease over the course of the task/test, for both areas of the 
occipital lobe. In the cold thermal environment, Alpha 
activity decreases for half the time of the test (30 min) and 
then rises, showing an increase for both areas of the occipital 
lobe. This means that a bigger effort was made. 

Beta activity for the hot thermal environment is quite 
small on the left side of the occipital lobe (Fig. 10 and Table 
3); a downward activity is shown as the task was being 
developed. In tests undertaken in a cold thermal environment, 
Beta activity decreases for approximately half of the test time 
(30 min), and then it tends to increase at the end of the trials. 

The results support the idea that the different areas of the 
brain, in this case the left and right occipital lobes, are 
affected differently by the same environmental conditions.  
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Abstract 
Analyses of measured pressures using multiple sensors above and below a slab subject to supercritical flow and hydraulic jump are 
presented. Pressures were measured in a physical model constructed in the Hydraulic Laboratory of the Universidad del Valle in Cali, 
Colombia. Details such as expansion joints, waterstops, slab thickness, and soil-slab separation were simulated. Inflow was full and partially 
developed, with Froude numbers ranging from 2.84 to 11.6. The role of the expansion joints and waterstops in the generation of uplift 
pressure and hydraulic gradient below the slab were identified using pressure fields above and below the slab, in multiple tests. The results 
of this research are critical for the design of bottom slabs in hydraulic structures, which are required to withstand uplift forces and prevent 
internal erosion problems.  
 
Keywords: uplift pressure, hydrodynamics uplift, slabs, hydraulic model, stilling basins. 

 
 

Efectos de las juntas y sus sellos en las presiones distribuidas en una 
losa sujeta a flujo turbulento en un canal horizontal 

 
Resumen 
Se presentan los análisis de las presiones medidas con múltiples sensores sobre y debajo de una losa bajo flujo supercrítico y salto 
hidráulico. Las presiones fueron medidas en un modelo físico construido en el laboratorio de Hidráulica de la Universidad del Valle en 
Cali, Colombia. Se simularon detalles como las juntas de expansión, los sellos, el espesor de la losa y la separación suelo-losa. El flujo 
incidente fue total y parciamente desarrollado con números de Froude entre 2,84 y 11,6.  A través de los campos de presión sobre y debajo 
de la losa de múltiples pruebas, se identificó el papel de las juntas de dilatación y sellos en la generación de presiones de levantamiento y 
el gradiente hidráulico debajo de la losa. Los resultados de esta investigación son fundamentales para el diseño de losas de fondo en las 
estructuras hidráulicas que deben soportar las fuerzas de levantamiento y prevenir problemas de erosión interna. 
 
Palabras clave: Presiones de levantamiento, levantamiento hidrodinámico, losas, modelo hidráulico, tanques de amortiguación. 

 
 
 

1.  Introduction 
 
In interaction with turbulent flow, cavitation, abrasion, uplift 

force and internal erosion may singly, or jointly, cause the failure 
of floor slabs in hydraulic structures. The first two processes 
attack the slab on the face that is exposed to flow. The impact of 
vapor bubbles and sediments causes random damage to 
waterstops, allowing static and dynamic pressures to propagate 
                                                      
How to cite: González-Betancourt, M. and Posada-García, L., Effects of joints and their waterstops on pressures spread over a slab subject to turbulent flow on a horizontal apron. 
DYNA 83(197), pp. 94-103, 2016. 

below the slab through cracks or joints. This propagation creates 
a pressure differential between the top and underside of the slab, 
which in turn produces uplift force. Other effects of pressure 
propagation are that the hydraulic gradient below the slab 
generates internal erosion that manifests through the migration 
of soil particles and the consequent creation of foundation voids. 
The fluctuation of uplift pressure and internal erosion induces 
vibrational movement and offset between slabs. These 
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combined factors bring the slab to failure by causing fatigue of 
the anchor [1], stagnation pressures [2] and displacement of the 
slab by the flow. 

Uplift pressures has attracted the attention of engineers 
since the early 1960s, because hydraulic structures subjected 
to supercritical flow (SF) or to hydraulic jump (HJ) have 
failed with a flow rate much lower than the design flow rate. 
For example, damage in spillways, stilling basins or 
discharge channels was reported in the Big Sandy, Dickinson 
(USA; [3]), Tarbela (Pakistan; [4]), Karnafulli (Bangladesh; 
[5]) and Malpaso dams (Mexico; [6]). Other cases of 
vulnerability to failure were identified in the Scofield (USA; 
[7]), Santa Elena (Brazil; [8]), Bhakra (India; [9]), Liu-Xia 
Jia and Qiang Wu-xi dams (China; [10]), cases in which the 
importance and relevance of uplift force eventually became 
apparent as a structural design problem.  

The role of uplift force in HJ has been studied by taking force 
or pressure measurements in physical models in order to 
determine the expected uplift force on the prototype, using 
Froude scaling relationships ([11-16]). However, as a result of 
the complexity involved in studying uplift force phenomena, up 
to now the criteria have failed to take into account many of the 
variables that affect the uplift pressure and slab thicknesses into 
the physical and conceptual models used. One influencing factor 
was that prototype parts were not reproduced or simulated in 
their true scale in the models; this includes expansion joints, 
waterstops, slab thickness (s) and slab-soil separation (δ). 
Moreover, in some cases the study of the uplift force below the 
slab has been limited to taking measurements using pressure taps 
at the floor of the flume ([11-13, 15]) or force sensors in the 
central part, below a thin plate which simulates the slab ([14, 
16]). These cases do not take into consideration the effects of 
friction in the joint and below the slab. The flaws inherent in 
these conceptual models make it difficult to choose criteria that 
guarantee the stability of the slab at lowest cost. Consequently, 
designers generally choose the most conservative criteria, which 
in turn increases costs. 

In recognition of these limitations in previous studies, 
investigations were initiated at the Fluids and Hydraulics 
Laboratory of the Universidad del Valle, Colombia, in order to 
verify del Risco’s hypothesis [17], which deals with the 
conversion of kinetic energy into dynamic pressure in expansion 
joints. For this study a physical model of a slab with multiple 
sensors and joints was designed [18], and preliminary 
explorations of the mean pressure below the slab with 
undeveloped inflow were performed [18-20]. Specifically, with 
SF, it was considered essential to analyze the effect of transverse 
and longitudinal joints separately. The results showed that with 
SF the measured pressures were higher than the static pressures 
below the slab, which corroborated the conversion of kinetic 
energy into dynamic pressure in the joint. Moreover, a pattern of 
pressure in flow direction below the slab was identified: 
increasing with open longitudinal joints [20] and decreasing 
with the open transverse joints [19]. It was also found that δ 
inversely affects the value for pressure below the slab [19, 20]. 

Building on the findings of previous studies, this paper 
provides a more detailed analysis that presents the pressures 
measured using multiple sensors above and below a 
simulated slab with SF and HJ. The pressures spread over a 

 
Figure 1. Physical model. 
Source: The authors 

 
 

slab were analyzed to find the effect of joints and their 
waterstops on uplift pressure and the hydraulic gradient 
below the slab. The work was characterized by: 1) analyzing 
pressure fields spatially in the time domain, 2) situating 
sensors below the slab and the joints in order to achieve a 
higher resolution of the pressure field, 3) considering 
multiple tests including physical and hydrodynamic 
variations, 4) identifying the critical hydraulic gradient below 
the slab to help in assessing internal erosion risks. 

 
2.  Materials and methods  

 
The study was conducted in a horizontal flume (0.5 m 

high, 8m long and 0.35 m wide) at the Universidad del Valle, 
using a model that simulated a floor slab and joints. The 
expansion joints were simulated using an array of acrylic 
boxes with dimensions from largest to smallest (Fig. 1).  

In the model, pressure was measured using 32 circular 
pressure taps (S1-S32), 2 mm in diameter, above and below the 
slab. There were two distributions of sensors. The first (D1) 
selected 8 pressure taps located above the slab (Fig. 2a) and 24 
pressure taps below it, as well as the floor of the joints (Fig. 2b). 
The second (D2) selected 16 pressure taps above and below the 
slab with equal distribution (Fig. 2c). D1 located sensors below 
the slab and the joints so that a higher resolution for the pressure 
field could be achieved. 

The experimental design included three slabs that were 
placed in the flume at different distances from the load tank, in 
order to vary the state of development of the boundary layer of 
the inflow. Thus, slab 1 (S1) was located at a distance in which 
Reynolds number in the boundary layer (Rex) was between 
300,000 and 660,000 (partially developed flow), slab 2 (S2) was 
located in the area where Rex was between 4,150,000 and 
9,130,000, while slab 3 (S3) was the farthest from the load tank, 
with Rex between 7,900,000 and 17,380,000. 

The length (L) of individual slabs ranged between 6 and 
12 times the depth of the inflow (y1); slab width (B) was 
approximately half L. Geometric variations in the model of δ 
and joint width (ε) were also performed (Table 1), in order to 
consider their influence on uplift pressure and hydraulic 
gradient below the slab. In the prototype, these were changed 
by rearranging the slabs, which could be linked to internal 
erosion or other sources of natural movement. In the model, 
δ could be adjusted by interposing aluminium sheet rings of 
1 mm diameter with the thickness required to achieve the 
desired separation between slab and background. Joint width 
was changed by varying the size of the acrylic boxes. 



González-Betancourt & Posada-García / DYNA 81 (184), pp. 94-103. June, 2016. 

96 

 
Figure 2 Distribution of expansion joints and sensors. a) D1, sensors above 
the slab; b) D1, sensors below the slab and expansion joints. c) D2, sensors 
above and below the slab.  
Source: The authors 

 
 

Table 1  
Slab type, dimensions, sensor distribution (D) and tests. 
Slab 
type 

L 
(mm) 

B 
(mm) 

s 
(mm) 

ε 
(mm) 

δ 
(mm) 

D 
(#) 

Tests 
 HJ (#)  

Tests 
SF (#)   

S1A 280 150 30 2 
0, 0.2, 
0.5, 1 

D2 238 124 

S1B 294 156 34 0.5 0.5 D1 70 86 
S2 299 160 37 1 1 D1 56 65 
S3 299 160 38 1.5 1 D1 56 65 

Source: The authors 
 
 
Pressure was measured using Motorola sensors (MPXV 

4006GC7U, range 0-6 kpa and accuracy ±5 %) in a range of 
different tests, which included physical and hydrodynamic 
variations. In each test, the slab type (S1A, S1B, S2 and S3; 
Table 1), number of open joint(s), δ, flow type (SF or HJ) and 
Froude number of the inflow (Fr1), was selected. The open 
joint(s) in S1B, S2 and S3 were simulated by detaching the 
waterstop(s) in: a) one of the four joints, that is, drawn from 
either the front transverse joint (FTJ), the rear transverse joint 

(RTJ) or the longitudinal joint (OLJ); b) any two joints 
simultaneously, that is, drawn from either the longitudinal 
joints (LJ) or the transverse (TJ); c) in all joints (AJ). In S1A 
TJ, LJ or AJ were open. Hydrodynamic variations included a 
minimum seven different Fr1 between 2.84 and 11.6 for each 
physical variation. 

The discharge was regulated to between 8.15 and 14.1 
Gallon/min and vertical gate of the load tank (1.8m high, 1m 
long, 0.35 m wide) was regulated to between 2.5 and 5.5 cm. 
The velocities of the inflow (V1) ranged between 1.65 and 
5.76 m/s with a turbulent flow regime (Reynolds numbers of 
90,000 to 200,000). The flow rate was measured with a 
Prandtl tube at a point located 0.05 m upstream of the FTJ, 
with an accuracy of 4%. Discharge was measured using an 
Omega brand flow meter (FMG-901). Rectangular weirs of 
heights ranging from 5 to 20 cm placed in the end of the 
flume were used to generate HJ. Some tests of S1 was formed 
submerged hydraulic jump (SHJ) and others a free hydraulic 
jump (FHJ). Tests with FHJ were located with 30% of their 
length on the slab, because in general the highest pressure 
fluctuations are reported in the first third of the length of the 
HJ [13,15,21-27]. 

The problem of alignment, acknowledged by some 
researchers [16,28-30], was controlled by maintaining a static 
slab in the model without the possibility of failure or 
displacement. Offset between slabs was avoided since that 
would have increased the uplift pressure below the slab by 
stagnation points [2,3]. Thus, the slab was part of the flume 
floor, which was drilled and slotted to provide continuity to 
pressure taps and joints. The coupling between elements of 
the system was monitored and the offset was of the order 10-

5m. In the prototype, this might have occurred as a result of 
imperfections in the finishes of the slabs and because of 
natural movement. 

Flow depth was measured with depth gages of range 300 
mm, accuracy of ± 0.2 mm on a) FTJ, b) LJ in the middle of 
the slab; c) RTJ. At each point the minimum and maximum 
depths detected in 30 second were measured. The average 
static pressure below the slab (pe) was calculated as the 
average of the pressure equivalent of three minimum depths 
measured on FTJ, LJ, RTJ with baseline below the slab.  

The sensors were calibrated to relate their voltage signs 
with the pressures, in accordance with the reference [31]. The 
acquired signs with a data acquisition system (DAQ National 
Instruments, NI SCXI: 1000, 1102B, 1600, 1300) were send 
to a laptop. The sampling frequency (fs) was 200 Hz limited 
by the data acquisition system available; in addition, this 
complied with the sampling theorem (avoiding aliasing) and 
improves the resolution in the time of the digitized signal (5 
ms). Following digitization and analysis of the signal, a 
digital filter was used to remove frequency components lying 
outside the phenomenon. Responding to the analysis of the 
frequency signal and the dynamic characteristics of the 
pressure measurement system, the cutoff frequency of the 
digital filter was selected at 10.58 Hz. 

Macroturbulent natural phenomena do not display 
periodicity, so each segment of data acquired makes its own 
unique contribution. Thus, the degree of accuracy is 
proportional along the length of test run [32]. The minimum 
test run time stipulated by authors like Lopardo and Henning 
is one minute [33]. Fiorotto and Rinaldo [25] and Toso and 
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Bowers [13], however, showed how the pressure coefficient 
increased over time. In the case reported here, the length of 
the test run was 15 minutes, data acquisition being performed 
during the last five minutes. The duration of the data 
acquisition time was associated principally with extensive 
data and the number of tests explored (760; Table 1). One test 
had 60,000 pressure fields. 

 
3.  Results and analysis 
 

Figs. 3 and 4 represent 3D snapshots of the measured 
pressure fields below the slab with maximum uplift pressure 
for SF (Fig. 3) and HJ (Fig. 4), respectively, where, “Pt/pe” is 
the relationship between the measured pressure (Pt; static and 
dynamic pressure) and the average static pressure (z axis, 
Fig.s 3 and 4). “Phmin/pe” and “Phmax/pe” represents the 
relationship between the pressure equivalent to minimum and 
maximum depth measured at FTJ, LJ or RTJ and pe (z axis, 
Fig.s 3 and 4). The pressures were calculated with a baseline 
that lay below the slab. The positions below the slab are 
represented on the x axis (length) and y axis (width), which 
are dimensionless with length (L).  

For SF (Fig. 3) a linear correlation of pressure in the 
direction of flow was observed when waterstops were detached 
from joints. The negative gradient (Fig. 3c) was favored with TJ 
or AJ, while the positive gradient (Fig.  3d) was favored with LJ. 
When there was only one open joint (FTJ, OLJ, RTJ) uniform 

pressure below the slab was  observed  (Figs. 3a and 3b). FTJ 
amplified the static pressure (Fig. 3a) and RTJ decreases it 
(Fig. 3b).  

Under HJ (Fig. 4), the positive pressure correlation is 
given by the flow; however pressure below the slab can vary 
depending on the detached waterstops. During tests it was 
found that, with only one waterstop detached on FTJ, the 
pressure generated below the slab was uniform (Fig. 4b), 
while with two open transverse joints (TJ) the positive 
gradient (Fig. 4a, Fig. 4d) might become altered, in some 
instances leading to negative pressure gradients(Fig. 4c). 

The pressures measured simultaneously above and below 
the slab with HJ and with detached waterstops on joints, were 
analyzed. It was observed that the joints acted as a filter of the 
pressures generated in the flume. Pressure only propagated 
below the slab at those points located on joints without 
waterstops. The pressures in direction of flow in one snapshot, 
and in four other tests, are shown in Fig. 5. It is apparent that 
some pressure fluctuations above the slab (dotted line) were not 
perceived below it (continuous line). Furthermore, pressure was 
not uniform above and below the slab. 

In the tests with HJ, open FTJ and open TJ, a travel time 
delay was found between the entry of the pressure waves at 
the joint and their arrival below the slab (∆t). This led to 
pressure differential (∆p) above and below the slab, which 
generated high uplift force. To make this evident, in Fig.6,  

 
 
 

 
Figure 3 Measured pressure fields below the slab with maximum uplift pressure for SF and detached waterstops on: a) FTJ; test with Fr1 of 11.5 and S1B.  
b) RTJ, test with Fr1 of 8.28 and S3. c) TJ; test with Fr1 of 8.84 and S2. (d) LJ, test with Fr1 of 9.66 and S2. 
Source: The authors 
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Figure 4  Measured pressure fields below the slab with maximum uplift pressure for HJ and detached waterstops on: a) LJ; test with Fr1 of 8.63 and S3.  
b) RTJ; test with Fr1 of 9.82 and S2. c) AJ; test with Fr1 of 6.8 and S1B   d) TJ; test with Fr1 of 5.51 and S1B. 
Source: The authors 

 
 

 
two tests are presented to show the unfiltered signal from 
pressure sensors close to the open transversal joints above and 
below the slab. The time delay ranged from 69 to 100ms 
between the arrival of the pressure pulse at a sensor above the 
slab (S1) and the one below it (S10, S11, S28, S31). Interchannel 
delay between S1 and S32 of data acquisition system was 
estimated at 0.093 ms. This was depreciable against the 
sampling period (5ms). With open FTJ, a time delay smaller 
than 5 ms was observed between the unfiltered signals of the 
sensors below the slab at opposite ends (S10 and S28). 

The role of the joints as frequency filters was observed in 
the comparative analysis of the spectrum of fluctuating 
pressures between the sensors located above (S2, S6) and 
below (S9-S32) the slab with SF and HJ (Fig. 7).  

The sensors below the slab measured a significant drop in 
frequency amplitude (|ܻሺ݂ሻ|) on frequencies higher than 6 
Hz (Fig. 7). The frequency cutoff of the pressure fluctuation 
in the flume with HJ has been defined by some authors as 25 
Hz [5, 13, and 24]; however this only applies above the slab, 
because the cutoff frequency would be less than 10 Hz below 
it. Furthermore, it was observed with SF that joint-flow 
interaction may increase |ܻሺ݂ሻ| for frequencies lower than 4 
Hz (Fig. 7d), when measured below the slab. 

The system of irregular cavities integrated by the joints, 
waterstops, and δ may be understood as a labyrinth of 
networked cavities with unpredictable passages, reductions, 
changes of direction, and dead ends [34]. Thus, when the 

pressure wave enters the network of cavities through an open 
joint or missing waterstop, it spreads below the slab and 
experiences diffraction, interference, reflection and 
refraction that may alter its propagation velocity, amplitude 
and the transmitted energy. Furthermore, waterstops, joints 
and flow determine the configuration of vortices within the 
joint and in the δ, which vary the pressure that is transmitted 
below the slab. 

In HJ, the pressure pulses on the slab were uncorrelated 
since the slab length is larger than the integral scale of the 
pressure fluctuations. The integral scale was calculated by 
Fiorotto and Rinaldo [25] as ranging from 0.4y1 to 1.5y1.  The 
results of the current study showed that extreme pulses 
recorded by a single sensor in the large slab do not provide a 
representative sample of the pressure fields above and below 
the slab and cannot, therefore, be used to calculate the uplift 
force accurately.  Above the large slab, a positive or negative 
pulse is a local effect. The compensation of the pressure 
pulses on the upper face of the slab was recognized by Bellin 
and Fiorotto [16].   

After studying the pressure fields with different open 
joints, it was shown that pressure distribution was not 
uniform below the slab. In other words, a hydraulic gradient 
was formed.  
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Figure 5 Pressure in longitudinal direction above and below the slab in 
snapshots. Test with: a) Open FTJ, Fr1 of 4.56 and S1B. b) Open OLJ, Fr1 of 
8.71 and S3. c) Open LJ, Fr1 of 9.17 and S2. d) Open TJ, Fr1 of 5.85 and S2.  
Source: The authors 

 
 
The hydraulic gradient below the slab generates a drag 

force on soil particles at δ. These particles dislodge from the 
soil and move in the direction of flow below the slab when 
the drag force is greater than the interlocking of the soil 
particles [35,36]. In the tests this dislodgement of particles 
and one unfiltered exit generated piping along the conduit 
and a loss of support for the slab [37].  

The foundation materials may be eroded into drains and 
unfiltered systems over long periods of time before they are 
detected. Therefore, the slab and foundation materials must 
be designed for a critical hydraulic gradient. Unfortunately at  

 

 
Figure 6 Pressure signal in the time of sensors closest to the joints above 
and below slab. Test with a) Open TJ, Fr1 of 8.49, S1B and SHJ. b) Open 
FTJ, Fr1 of 6.9, S1B and SHJ.  
Source: The authors 

 
 
this moment, internal erosion is a potential failure mode 

that cannot be completely analyzed using numerical formulae 
or models [35].  However, valuable information on dam and 
soil behavior, and on experimental hydraulic gradients can be 
obtained to help assess internal erosion risks. 

Figs. 8, 9, and 10 present the critical hydraulic gradients 
below the horizontal slab in multiple tests. These include SF 
(Fig. 8) and HJ with undeveloped (Fig. 9) and developed 
(Fig. 10) inflow conditions. The hydraulic gradient (i) was 
the slope of the piezometric line between the pressure below 
the slab in proximity to FTJ and RTJ (the ratio between the 
pressure gradient below the slab and its length).  "S1A" 
collected tests with four variations of δ, since its influence 
was not easy to perceive in the hydraulic gradient. As 
reference, envelope curves on the maximum hydraulic 
gradients are plotted in the Figs. 8, 9, and 10. 
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Figure 7 Typical frequency spectrum of the sensors above and below the 
slab. Test with: a) Open TJ, Fr1 of 8.48, S1B and SHJ. b) FTJ, HJ, Fr1 of 
5.98, S2.  c) Open AJ, Fr1 of 6.16, S2 and HJ. d) Open TJ, Fr1 of 11.2, S1B 
and SF.  
Source: The authors 

 
 
Critical envelope curves in the evaluation of multiple tests 

were found with the condition of undeveloped inflow to SF 
(Fig. 8) and HJ (Fig. 9). The most critical envelope curve was 
found with undeveloped inflow and HJ (Fig. 9). To establish 
the design of the hydraulic gradient calculated with envelope 
curves to SF, the position of HJ should be ensured by controls 

at the floor of the flume. Slabs installed in sloping flumes 
should be considered as additional hydraulic gradients 
established by slab sloping. 

The results of the study showed uniform pressurization 
below the slab with only one open transversal joint. Similar 
results were found by Melo, Pinheiro and Ramos [38] with 
slabs exposed to the impact of a jet in the plunge pool. 
However before considering slab design with open joints as 
a strategy to reduce uplift pressure with large slabs, the effect 
of the eccentricity of the uplift force and the likelihood of 
internal erosion risk should be evaluated. Large slabs are 
typically used to protect easily erodible materials in the 
foundation [39]. Therefore, waterstops are required in joints, 
and these must be maintained if piping, stagnation points, and 
future rearrangement of the slab are to be avoided. 

The results of this study should be incorporated into 
future design criteria in an effort to optimize costs. 

 
4.  Conclusions 

 
In this study it was observed that joints and their 

waterstops with turbulent flow on a horizontal apron 
influence the spread of pressure over a slab because: 
a) Joints and waterstops act as filters of pressure 

fluctuations generated in the flume. Pressure only 
propagates below the slab at points located on the joints 
without waterstops. 

b) Joints generate a time delay between the entry of the 
pressure wave at the joint and its arrival below the slab. 
This leads to a pressure differential between the top and 
bottom of the slab resulting in the appearance of uplift 
force.  

c) The interactions between the joints and the main stream 
alter the amplitude of the pressure wave below the slab.  

d) With only one open transversal joint pressure is uniform 
below the slab. 

e) With two or more open joints pressure gradients is 
generated below the slab. 

The lack of uniformity in uplift pressure below the slab 
leads to consider the failure mechanism induced by moment. 
Therefore, future research is necessary in order to predict net 
uplift force and its point of application and, as a result, verify 
instability of the slab by moment of the uplift force.  

The hydraulic gradients shown here constitute valuable 
experimental information that helps to assess internal erosion 
risks in hydraulic structures. 
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Figure 8 Hydraulic gradients below the slab as a function of Fr1 with SF.  
Source: The authors 
 

 
Figure 9 Hydraulic gradients below the slab 1 as a function of Fr1 with HJ.  
Source: The authors 

 

 
Figure 10 Hydraulic gradients below the slab 2 and 3 as a function of Fr1 with HJ.  
Source: The authors 
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Nomenclature 
 
FTJ  Front transverse joint  
RTJ  Rear transverse joint  
OLJ   One longitudinal joint  
LJ   Longitudinal joints  
TJ   Transverse joints  
AJ   All joints  
Δ  The slab-soil separation  
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Abstract 
A non-invasive method useful for asset management is to estimate the functional age of the insulating paper of the transformer that is caused by 
thermal aging. For this purpose, the hot-spot temperature profile must be assessed by means of some transformer characteristics, the historical load, 
ambient temperature profiles and a set of equations. In many in-service unit cases, the available data is incomplete. This paper proposes a method 
to deal with the lack of data. The method is based on the estimation of the historical load and ambient temperature profiles by using an artificial 
neural network and Monte Carlo simulations. The probable loss of total life percentage of a 30 MVA power transformer is obtained through the 
proposed method. Finally, the corresponding results for the assessed transformer, a model validation section and conclusions are presented. 
 
Keywords: aging; artificial neural network; asset management; Monte Carlo methods; load profile forecasting. 

 
 

Evaluación de la pérdida de vida del aislamiento solido en 
transformadores de potencia, estimando la historia de carga y los 
perfiles de temperatura ambiente por medio de redes neuronales 

artificiales y simulaciones de Monte Carlo 
 

Resumen 
La estimación de la pérdida de vida es útil para la gestión de transformadores de potencia. Un método, no invasivo, es estimar la edad 
funcional del papel aislante del transformador, mediante las guías de carga. Para esto, el perfil de temperatura del punto caliente es calculado 
a partir de características técnicas del transformador, los perfiles carga y temperatura ambiente y un conjunto de ecuaciones diferenciales. 
En la práctica, la información disponible para este análisis es incompleta. En este artículo se presenta un método para estimar la carga 
histórica y los perfiles de temperatura ambiente experimentados por el transformador, cuando existe falta de datos. Para este fin, el método 
emplea una red neuronal artificial y simulaciones de Monte Carlo. El método es aplicado a un transformador de potencia de 30 MVA. Los 
resultados obtenidos son analizados en una sección de validación para finalmente dar las conclusiones del trabajo. 
 
Palabras clave: envejecimiento; red neuronal artificial; gestión de activos, simulación de Monte Carlo; pronóstico del perfil de carga. 

 
 
 

1.  Introduction  
 
Power transformers play a fundamental, strategic role in 

power systems. In power transformer management, it is useful 

                                                      
How to cite: Romero-Quete, A.A., Mombello, E.E. and Rattá, G., Assessing the loss-of-insulation life of power transformers by estimating their historical loads and ambient 
temperature profiles using ANNs and Monte Carlo simulations. DYNA 83(197), pp. 104-113, 2016. 

to estimate, as closely as possible, the current condition of the 
unit. There are several monitoring and diagnostic techniques that 
aimed to estimate the transformer condition. One of these 
techniques seeks to assess the loss of total life percentage of the 
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unit’s insulating paper, which can be expressed in terms of the 
functional age resulting from thermal degradation. It is to be 
noted that the functional age is different from the calendar age 
of the transformer [1,2]. 

A transformer aging failure is an irreparable failure that is 
more probable when the loss of life percentage is approaching 
100%. In this regard, this measure is useful to make appropriate 
decisions, e.g., the design of a Suitable scheme of maintenance 
to prolong unit life. 

In a transformer in service, internal temperatures increase as 
load and ambient temperature rise, and vice versa. High internal 
temperatures reduce the mechanical strength of the cellulose 
insulation as time passes [3]. The Hot Spot Temperature (HST) 
is a useful measure to estimate the thermal effect of paper-aging. 
In fact, after developing a transformer post mortem assessment, 
it was found that HST is a critical factor [4]. HST is a function 
of load, ambient temperature, and features of the unit.  

Consequently, the functional age of the transformer can be 
roughly assessed through HST estimation. If the historical HST 
profile, i.e., the data of HST values against time, is available for 
the whole period of the unit operation, then the thermal aging of 
the insulating paper can be estimated as described in the IEEE 
and the IEC loading guides, [5,6]. The formula to assess 
transformer aging is based on the condition of new paper, and 
can only be used to calculate the relative paper deterioration. 
Since the aging equation is based on the HST, and the HST 
calculation on load data, it is then necessary to have access to the 
complete loading history of the unit. 

However, transformer loading history is not usually well-
known in practice. To overcome this drawback, this paper 
proposes a method to deal with the lack of data. The 
methodology is founded on the fact that, nowadays, electric 
networks have Supervisory Control and Data Acquisition 
(SCADA) systems that allow for the online storage of measured 
values such as load, date and ambient temperature. Even if a part 
of this data has not been recorded, e.g., in the period previous to 
the SCADA implementation, the available data can be used to 
estimate the unrecorded historical load data. 

The estimation of lacking load data relies on the statistical 
analysis of ambient temperatures and on the identification of 
historical load features. An Artificial Neural Network (ANN) is 
then trained in order to estimate the complete loading probable 
profile. Because the uncertainty in the HST estimation must be 
modeled, the next step requires Monte Carlo Simulations (MCS) 
to be performed by using both ambient temperature and loading 
probable profiles as inputs. Subsequently, the estimated probable 
HST profiles are used to assess the frequency of occurrence of the 
functional age of the insulating paper and its percentage loss of life. 

For the HST calculation, a recent model that considers oil 
viscosity in temperature dependence has been used [7-9]. 
Finally, the probable functional age of the insulating paper and 
therefore, the loss-of-insulation life percentage of a real power 
transformer are assessed, the results are discussed, and 
conclusions are presented from the case study. 

 
2.  Estimation of functional age and loss-of-life 
percentage of the insulation paper 

 
2.1.  Ageing models 

 
In oil-cooled power transformers, paper is used as one of 

the insulating materials due to its outstanding characteristics, 
e.g., excellent dielectric and mechanical properties. Paper is 
comprised of lignin, hemicellulose and cellulose. The 
cellulose molecules are built by long chains of glucose rings. 
The average length of these chains, termed Degree of 
Polymerization (DP), determines the functional 
characteristics of the paper, [3]. 

When paper is exposed to water, oxygen, heat and acids, 
all of which are aging agents, the long molecular chains are 
cleaved by chemical reactions. As a consequence, the DP and 
the expected lifespan of the insulating paper decrease.  

The aging agents act simultaneously; consequently, the 
mathematical modeling of the aging process is very complex, 
resulting in a non-linear Arrhenius plot. However, for practical 
purposes most of the researchers and organizations assume 
independent processes, and as such, the total degradation 
becomes the sum of degradation from each process that can be 
described by an individual equation, [3,5]. Annex I in [5], 
introduces an interesting discussion of the history of loss of 
insulation life. It also states that each aging agent will have an 
effect on degradation rate, so they must be individually 
controlled. Moreover, it is observed that whereas the water and 
oxygen content of the insulation can be controlled by the 
transformer oil preservation system, the transformer operating 
personnel is responsible for the control of heat. 

This research is mainly focused on the influence of heat 
in the aging process. However, it must be recognized that 
time variations of the other agents could strongly affect the 
aging speed. Note that as concluded in [10,11], “water is 
more important than oxygen for transformer aging; and acids 
are of central significance for understanding the aging of 
paper and for evaluating the effects of oil maintenance.”  

This assumption could relate to the transformer in the case 
study reported here, since in the San Juan Province, Argentina, 
where the unit operates, the average ambient relative humidity is 
48%. Also, as can be observed in references [12,13], there is a 
direct relation between moisture in air, oil, and insulating paper. 
The higher the relative air humidity, the higher the moisture 
uptake rate of the insulating liquids will be, and consequently, 
that of the paper. Consequently, the influence of moisture for this 
specific case is lower than that for transformers located in areas 
with a higher average relative humidity. Nevertheless, to achieve 
more general results, additional research must be conducted in 
order to model the moisture influence. 

Eq. (1), as written in [5], defines the aging acceleration 
factor, FAA, as a function of the HST in the windings, HSθ   in 
ºC. The empirical constant 15000 is the aging rate constant 
that is better described in annex I, contained in [5]. The 
reference temperature, ,HS Rθ , coincides with the rated HST, 
which for thermally upgraded paper is  ,HS Rθ =110 °C. 

 

 ,

15000 15000

273 273HS R HSθ θ
AAF e


   (1) 

 
Eq. (2) allows the functional age of insulating paper to be 

assessed. This expression is the summation in a determined 
period of time of the products obtained by multiplying 
intervals of time, Δ it , (with i=1, 2…,n, and n as the number 
of time intervals for the whole period of time) by its 
respective computed aging acceleration factor, FAA,i, for 
which the insulating paper has been exposed to a given , .HS iθ



Romero-Quete et al / DYNA 83 (197), pp. 104-113. June, 2016. 

106 

 

 ,

1

ΔF

n

AA i i

i

A F t


   (2) 

 
In (2), both Δ it  and n are specified by the load profiles 

that will later be described in section 4. The functional age, 
AF, is then used to calculate the loss-of-insulation life 
percentage as: 

 

 % loss of life = 100F

life

A
A   (3) 

 
In (3), lifeA  is the normal insulation life at the reference 

temperature, ,HS Rθ , in hours. The benchmark of normal 
insulation life for well-dried, oxygen-free 65 °C average 
winding temperature rise system is reported in [4,14]. A 200 
retained degree of polymerization in insulation has been 
adopted in this article as the normal insulation life criterion, 
and it corresponds to 150000 hours for ,HS Rθ =110 °C.  

 
2.2.  Hot spot temperature estimation 

 
The functional age, due to thermal aging, depends on the 

HST. This is because the winding insulating paper ages faster 
in the region in which the hottest temperature is present. 
When no fiber-optic sensors are installed inside the 
transformer, as is the common case in older units, the HST 
must be estimated through models based on measured oil 
temperatures [15]. 

Several HST models, ranging from simple to very 
complex, have been proposed in the bibliography, [5-9]. The 
qualitative criteria for selecting a HST model for this study 
were: i) availability of the technical transformer data and 
parameters the HST model is based on, ii) performance 
simulating transient or varying loads with altering ambient 
temperature, and, iii) top-oil temperature (TOT) based 
model, which exhibits a suitable performance [16]. 

A thermal model satisfying most of the above defined 
criteria is the HST model presented by Susa in [7-9]. In this 
model, HST and TOT differential equations account for oil 
viscosity changes with temperature. One advantage of this 
model is that it is only based on nameplate data and few heat 
run test protocol parameters. The differential equations for 
the TOT, TOθ , and the HST, HSθ , are respectively: 
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where, R is the ratio of load losses at rated current to no-

load losses, K is the load factor and quotient of load over 

rated load, puμ is the per unit oil viscosity given by the ratio 

of the current oil viscosity over rated oil viscosity Rμ μ , n is an 

empirical constant dependent on whether the oil circulation is 
laminar (n=0.25) or turbulent (n=0.33), m is an empirical 
constant related with the shape of the thermal curve, ,Δ TO Rθ  is 

the rated TOT rise over ambient (measured in °C), ,Δ HS Rθ  is 

the rated HST rise over TOT (measured  in °C), ,TO Rτ is the 

rated top-oil time constant, ,W Rτ is the rated winding time 

constant in minutes, and ambθ  is the ambient temperature. 
Equations to model oil viscosity variations with 

temperature are shown in [7-9]. For Oil Natural - Air Natural 
(ONAN) cooling mode, the value of constants n and m is 
0.25. For the Oil Natural - Air Force (ONAF) and Oil Force 
- Air Force OFAF cooling modes, in power transformers with 
external cooling these values are n=0.5 and m=0.1. 

The winding losses corrected for the HST,  ,W pu HSP θ , 
are calculated, as per the following: 

 

  ,
, , , ,

,

HS K HS R K
W pu HS DC pu E W pu

HS R K HS K

θ θ θ θ
P θ P P

θ θ θ θ

 
 

 
 (6) 

 
where ,DC puP is the ratio of DC losses to total winding losses, 

, ,E W puP is the ratio of winding eddy losses to total winding losses, 

Kθ  is the temperature correction factor, 225 for Al and 235 for 

Cu, and the total winding losses are ,W DC E WP P P  . 
It should be noted that DC losses in (6) are measured by 

applying a direct current to the windings, whereas eddy 
losses in the windings are not separately measurable. 
Furthermore, DC losses are not necessarily given on the 
nameplates. Nevertheless, Jauregui states in [16] that for load 
levels near the transformer rated load, (i.e., in a no-overload 
transformer condition) the winding losses correction is 
unnecessary. Therefore, if necessary,

 
 ,W pu HSP θ can be 

omitted in eq. (5), which will lead to: 
 

  1
2

, ,
,

Δ
Δ

m
HS TOHSm m

pu HS R pu W R
m

HS R

θ θd θ
K μ θ μ τ

d t θ


   (7) 

 
Thus, it can be concluded that the Susa HST model can 

be simplified for applications where only nameplate data and 
no heat-run test protocol are available. 

 
2.3.  Necessary data to estimate the hot spot temperature 

 
A listing of the transformer data necessary to calculate the 

HST at time i for the mentioned model includes the 
following: winding eddy losses, winding resistive losses, DC 
or I2R losses, load losses, no-load losses, winding-time 
constant (estimated by means of weight of windings), oil-
time constant (estimated by means of the mass of oil), rated 
TOT rise over ambient temperature, rated HST rise over 
TOT, rated TOT, rated HST, and both ambient temperature 
and load at time i. Moreover, selecting appropriate 
transformer constants requires knowledge of characteristics 
such as the cooling stages and the winding conductor 
material. Once the HST is obtained at time i, the procedure 
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must be repeated for the whole operational period of the unit 
in order to apply (1) and (2) to estimate AF. 

 
3.  Problem description and proposed methodology 

 
3.1.  Problem description 

 
The aim of this paper is to present a methodology to 

estimate the functional age, AF, of insulating paper of aging 
power transformers when part of data regarding load and 
ambient temperature profiles for the complete operational 
period of the assessed transformer is missing. 

 
3.2.  Scheme of the proposed methodology 

 
To assess the AF of the insulating paper, missing historical 

temperature and load data must be estimated to be able to 
then apply the models presented in section 3. Taking this into 
consideration, the following general scheme is proposed as a 
suitable methodology to address the problem. 

In the following section each one of the steps in Fig. 1 
will be explained in more detail.  

Step 1: Acquire the following input data: 
-Data as described in section 2.3, to thermally model the 

transformer under study.  
-All available information regarding power delivered 

hourly through the transformer, and the ambient temperature at 
the power station; e.g., information acquired by the SCADA. 

-All historical information about ambient temperature 
and monthly or yearly electric energy consumption in the 
district in which the power transformer operates. 

Step 2: Classify, organize and filter inadequate or atypical 
data from the hourly load and ambient temperature profiles, 
acquired in step 1. This step must provide typical values to 
 

 
Figure 1. Proposed methodology scheme.  
Source: The authors

describe the behavior of both profiles. This preprocessed data 
is necessary for two purposes: to construct ambient 
temperature profiles for normalized days and to train the load 
forecasting model. 

Step 3: Analyze the historical ambient temperature 
statistically. Once the available ambient temperature profile 
has been preprocessed, normalized days are defined. 

For this purpose, each month of available ambient 
temperature data can be divided into three packages of 
approximately ten days, i.e., D ≈10. For each package the 
hourly mean temperature and the standard deviation, h, is 
calculated as: 

 

 2, ,

1 1

1 1
and

1

D D

h h d h h d h

d d

θ θ σ θ θ
D D 
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   (8) 

 
where d=1,2,..., D, and h is the observed temperature at 

hour h for each day d. Moreover, there is a correlation 
between adjacent hourly ambient temperatures. To model 
this dependence, a 24x24 correlation matrix, Rd, is computed 
for each normalized day. Based on this routine, 24 pairs of 

hθ  andh, with h=1,…24, and one correlation matrix Rd are 
obtained for each normalized day. It is noted that the 
covariance matrix of the normalized day Sd can also be 
computed since it is a function of the matrix Rd and the 
standard deviation vector of 24 elementsh,d, [16]. 

Step 4: Assign probability distributions of ambient 
temperature to the missing period of time. Completing the 
ambient temperature curve procedure includes assigning one 
of the obtained normalized days in the previous step to each 
day in the missing period of time. This action can be 
performed by comparing features of the normalized days 
with those known for the days in the missing period, e.g. the 
Euclidian distance, d, which is given by: 

 

  2
d x y    (9) 

 
where x


 is a vector containing a pair of values of the 

historical maximum and minimum daily temperatures for 
unknown days (i.e., whose hourly temperature profile is 
unknown) and y


 is a vector containing the same values of a 

normalized day. These can be used to select the normalized 
day that exhibits the minimal distance in order to then assign 
this information to the missing day. 

Step 5: Define the input data for the estimation of the 
historical load and implement a suitable ANN for load 
forecasting.  

References to estimate the historical load were not found; 
however, load forecasting is a well-known field of work in 
electrical engineering. In effect, there are various techniques, 
which have been extensively studied and used in time series 
forecasting, e.g. Autoregressive Integrated Moving Average 
(ARIMA) and its variants, Artificial Neural Networks 
(ANNs), and hybrid methods such as ANNs/ARIMA [18]. 
However, in this paper ANNs have been selected to deal with 
the described problem since some researchers have compared 
and tested this technique, concluding that ANNs could 
successfully capture the nonlinear relationship between the 
load and the weather [19]. In effect, ANNs are better suited  

Classify and organize the input data 

   Assign probability distributions of hourly ambient 
temperature to the missing period of time. 

    Define the input data for the back in time estimation of the 
load, and to implement an ANN for load forecasting 

  Acquire Input data 

 Compute L probable HST profiles 
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functional age and the % loss-of-life 

2 
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temperature profiles 
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3 
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Figure 2. Conceptual scheme of the implemented ANN. 
Source: The authors 

 
 

in terms of ARIMA since the first can capture nonlinear 
patterns between input and output parameters while the 
second is limited by the pre-assumed linear form of the 
model. It must be noted that hybrid methods which combine 
both ARIMA and ANN are being investigated. Future 
research could be conducted on this subject to improve the 
forecasting accuracy; however, this research lies outside the 
scope of this paper. 

In general, an ANN does non-linear curve fitting and is 
able to find a function to subsequently calculate load values 
dependent on various input parameters [20]. A two-layer 
feed-forward network with sigmoid hidden neurons and 
linear output neurons can fit multi-dimensional mapping 
problems arbitrarily well if provided with consistent data and 
enough neurons in its hidden layer [21]. In this network, the 
information only moves in one direction, forwards, i.e., data 
goes from the input nodes through the hidden nodes and then 
to the output node.  

Therefore, we selected a feed-forward ANN structure. It 
basically compares the calculated output value with a 
desirable result, the target value. The target values are the 
load values that are stored by the SCADA: in effect, the 
available load profile. Whereas there is one single output, the 
load, there are several input parameters. In this approach, the 
input parameters are the hourly ambient temperatures 
(Tamb), year, month, weekday, hour and the monthly energy 
demand (Ed). Fig. 2 illustrates inputs and outputs defined for 
the ANN. 

Step 6: Estimate a quantity of L probable ambient 
temperature and load profiles by means of Monte Carlo 
simulations, where L is the number of simulations, for the 
missing period of time. For this purpose, the probability 
distributions of ambient temperature defined in step 4, and 
the input data for the ANN implemented in step 5 are used. 

Step 7: Compute L probable HST profiles by using the 
formulation presented in section 2.2 from the L probable 
profiles that was computed in steps 4 and 6.  

Step 8: Estimate L, probable functional ages of the 
insulating paper by using formulation presented in section 2.1 
from the L HST profiles computed in step 7. 

Step 9: Assess the results obtained regarding the AF from 
the L probable values computed in step 8, and compute a 
histogram for the % loss-of-insulation life. 

 
4.  Case study 

 
In this section, probable HST profiles and a probability 

density function for the loss-of-insulation life of a 30 MVA 
and 132 +6/-12 x 1 %/ 34.5/13.8 kV rated step-down 
transformer will be estimated through the general scheme, 
shown in Fig. 1. The unit is connected in YN/yno/d11. The 
rated cooling is ONAN/ONAF at 70/100 % of load. It should 

be observed that the order to start running the assessed unit 
fans, i.e. to start the ONAF mode, is given by a commercial 
temperature monitor.  

It is remarkable that there have been no changes in the 
configuration of the power station since 1994, the year in 
which the unit under study was installed. 

 
4.1.  Case study description 

 
In the case of the transformer that was being studied, the 

unit operator began to record the load and ambient temperature 
data on 20/01/08. Within this study, the period that will be 
covered extends until 31/07/10. Therefore, twenty-four values 
of both load and ambient temperature for each of the 924 days 
listed in the database are available. However, since the unit was 
installed in 1994, there is a lack of load and ambient 
temperature data for the period between 15/02/94 and 19/01/08. 
Therefore, to assess the functional age of the insulating paper, 
missing temperature and load data must be historically 
estimated for the particular period of time. 

 
4.2.  Applying the proposed methodology to case study 

 
1) Step 1. Available data is compiled from several databases 

that have been classified as follows: 
i) Database 1: 924 x 24 pairs of values of load and ambient 

temperature data for the period 20/01/08 - 31/07/10. 
ii) Database 2: archives published by the local 

meteorological service, which includes daily minimum 
and maximum temperatures covering the period 01/01/01 
- 31/07/10. 

iii) Database 3: archives published by the local 
meteorological service, which are comprised of monthly 
average temperatures for the period from February 1994 
to August 2010. 

iv) Database 4: the district’s monthly energy demand -where 
the unit is located- from February 1994 to August 2010.  

v) Database 5: nameplate data of the assessed transformer. 
2) Step 2. In database 1, missing or erroneous values had 

to be detected and the associated data (e.g., date) 
removed. 

3) Step 3. To complete the ambient temperature curve, 
first, normalized days, based on the filtered measured 
temperature data reported in database1 must be 
established.  

A total of 91 normalized daily ambient temperature profiles 
were determined by using the routine presented in section 3.2., 
Step 3. For this purpose, the time period covered by database 1, 
i.e., from 20/01/08 to 31/07/10, was considered. Each one of 
these 91 normalized days is representative of a day in a month 
of the year; i.e., there are 7 normalized days representing a day 
in January, 9 normalized days representing a day in February, 9 
for March, …, etc. For example, a normalized ambient 
temperature for a day in February, obtained from the population 
of 10 days from 01/02/08 to 10/02/08, is shown in Fig. 3. The 
vertical lines indicate the probabilistic distribution of the 
normalized hourly temperature. Moreover, the mesh that 
represents the correlation matrix for that normalized day is 
plotted in Fig. 4. A strong correlation between the hourly 
ambient temperatures, especially for those that are adjacent, is 
observed. 

Inputs: 
Ed (DB4), 
Tamb (ºC), 

Year, Month, 
Day, Hour 

Output: 
S(MVA) 

ANN 
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Figure 3. A normalized day in February. Vertical lines plot the 95% 
confidence intervals for the hourly temperature values. The measured 
temperature curves are shown for ten days from 01/02/08 until 10/02/08. 
Source: The authors 

 
 

 

Figure 4. Correlation matrix of the hourly ambient temperature of a 
normalized day in February. The matrix has been computed using ten days 
of data from 01/02/08 until 10/02/08.  
Source: The authors 

 
 
4) Step 4. Ambient temperatures were then determined for the 

01/01/01 - 19/01/08 period. The minimum and maximum 
temperature values of the 91 normalized days were 
employed as features of typical days. From these features 
and from the daily minimum and maximum temperatures 
that are shown in database 2, the Euclidean distances 
were computed by using (9). In this way, one of the 91 
normalized days was assigned to each day between 
01/01/01 and 19/01/08. Subsequently, the corresponding 
monthly average temperatures were calculated for this 
period. The assigned normalized days were scaled by the 
ratio of the calculated monthly average temperatures over 
the real monthly average temperature given in database 3. 
As such, the monthly average temperatures, including 
assigned normalized days from the 01/01/01 - 19/01/08 
period coincide with the real monthly average values that 
are given for the same period. 

Table 1 
ANN Structure Performance - MAPE in (%) and MAE in (MVA) were 
computed for ANN with 10, 20, 30 and 40 Hidden Neurons 

Hidden 
Neurons 

10 20  30  40 

MAPE 0.137 0.126 0.119 0.118 
MAE 2.193 2.015 1.864 1.826 

Source: Authors 
 
 

Table 2 
ANN performance assessment - MAPE in (%) and MAE in (MVA) were 
computed for 20 ANN 
ANN 1  2  3  4  5  6  7  8  9  10 

MAPE 0.117 0.117 0.117 0.116 0.117 0.116 0.117 0.118 0.119 0.116 
MAE 1.827 1.823 1.827 1.804 1.837 1.821 1.824 1.849 1.854 1.814 

ANN 11 1 2 1 3  14  15 1 6 1 7  18  19  20 

MAPE 0.116 0.117 0.117 0.119 0.117 0.116 0.116 0.117 0.119 0.117 
MAE 1.813 1.828 1.825 1.859 1.827 1.815 1.814 1.826 1.854 1.825 

Source: Authors 
 
 
5) Step 5. The lacking load values have to be estimated 

for the 15/02/94 - 19/01/08 period.  ANN structures, 
such as those shown in Fig. 1, with 10, 20, 30 and 40 
hidden neurons were tested. The performance of these 
structures was verified by two measures: i) the mean 
absolute percentage error (MAPE), and ii) the mean 
absolute error (MAE). 
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where n is the total number of load values between 

20/01/08 - 31/07/10, LM,i  and LF,i are the measured and 
forecasted hourly load values, in MVA, respectively. The 
performance values for each ANN are given in Table 1. 

By increasing the number of hidden neurons, the 
performance of the ANN improves. However, there is only a 
small improvement for more than 30 hidden neurons. 
Therefore, a structure of 40 hidden neurons was 
implemented. Moreover, when training an ANN, the initial 
weights and biases of the network are usually randomly 
generated taking values between –1 and 1. This initialization 
has the ability to produce an improved network. Therefore, 
twenty two-layer feed-forward networks with 40 hidden 
neurons were created and trained for the 20/01/08 - 31/07/10 
period. With the real load values and those estimated through 
the ANN, the performance of these 20 ANNs was verified 
again by means of MAPE and MAE. The performance values 
for each one of these 20 ANNs are given in Table 2. 

Network 4, which showed the best performance, was 
chosen for its back-in-time estimation of load. Diagrams in 
Fig. 5 show the forecast loads for two different fourteen-day 
periods. It can be observed from the graphical results that the 
forecast load follows the real measured values closely. 

6) Step 6. Probable ambient temperature profiles were 
created by using MCS. A thousand ambient 
temperature profiles, L=1000, each containing 
123168 temperature values included in the period 
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15/02/94 - 19/01/08, were generated by multivariate 
normal random numbers. These numbers were 
computed from the hourly normal distributions 
characterized by the mean hourly ambient 
temperature, hθ , the corresponding standard 
deviation, hσ , and the daily covariance matrix, Sd 
that were obtained in steps 3 and 4. 

Once the probable ambient temperature profiles were 
obtained, they were constrained to fit the reported 
information given in database 3, e.g., 10 randomly generated 
ambient temperature profiles for the first 15 days of January 
of 2001 are shown in Fig. 6. 

 
 

 

 

Figure 5. Forecast load profiles for two fourteen-day periods. Period one: 
summer season, corresponding to 01.01.2009 at 01:00 until 15.01.2009 at 
01:00. Period two: winter season, corresponding to 01.07.2009 at 01:00 until 
15.07.2009 at 01:00. 
Source: Authors 
 
 

 
Figure 6. Ambient temperature profiles generated randomly for the period 
01/01/01 – 15/01/01. 
Source: Authors 

The selected ANN network was then used to estimate 
1000 of the transformer’s probable load profiles. Each hourly 
load profile was estimated from a corresponding probable 
temperature curve and the input data from database 4. 

7) Step 7. The HST model presented in section 2.2 was 
adjusted for the unit characteristics of the case study. Moreover, 
to deal with the changes in the cooling modes, ONAN/ONAF, it 
was necessary to model the behavior of the temperature monitor 
that commands the fans. This type of device uses the following 
approach to estimate the control HST: 

 
 , ,Δ    y

HS c TO HS Rθ θ H θ K  (11) 
 
where, H and y are set values which depend on the 

transformer characteristics, in fact, in this case study, H=1.3 and 
y=1.6. It must be noted that the control HST (HS,c) computed 
from (11) is an approximation, the only purpose of which is to 
command the fans. In fact, fans are turned-on when HS,c is 
higher than 85ºC, and turned-off when HS,c becomes lower than 
75ºC so as to avoid repetitive on-off fan operations.  

In the algorithm that was implemented, when both TO, 
computed from (4), and K (which depends on the load) yield 
HS,c values higher than 85ºC; when the temperature is 
increasing, or lower than 75ºC; or when the temperature is 
decreasing, then the empiric constants n and m in eq. (4)-(5) 
change and assume their respective values in agreement with 
the activated cooling mode. 

The HST calculation was divided into two parts. The first 
part is the deterministic HST calculation based on the load 
profile data covering the period from 20/01/08 to 31/07/10. 

The second part is the probabilistic HST calculation that 
was made for all 1000 estimated load and ambient 
temperature profiles determined for the 02/15/94 to 19/01/08 
period. Therefore, 1000 HST curves were computed. One of 
these HST-curves is shown in Fig. 7.  

Moreover, Fig. 8 presents a diagram showing the average 
annual loading. This data shows the loading trend of the 30 
MVA transformer. A fact it is worthwhile pointing out is the 
sudden decrease in the demand that timely coincided with the 
2001 political and financial crisis in Argentina; this is also 
reflected in the forecasted load. 

 

 
Figure 7. A randomly estimated HST profile.  
Source: Authors 
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Figure 8. Forecasted average annual loading of the 30 MVA transformer. 
Note that computed average annual loading for the 2010 year is only 
comprised of the period from January to July, which is the reason for a value 
lower than that computed with 2009.  
Source: Authors 

 
 

 
Figure 9. Histogram for functional age of the insulating paper, AF 

Source: Authors. 
 
8) Step 8. After pre-processing the load profile data, 

estimating the ambient temperature and the load, and 
subsequently determining the 1000 probable HST 
profiles for the 15/02/94 – 31/07/10 period, the functional 
age of paper was determined. The first component 
functional age is deterministic, and corresponds with the 
accumulated age during the period 20/01/08 to 31/07/10. 
This was computed by using, (1), the accelerated aging 
factor for thermally-upgraded paper, and, (2), the 
functional age, AF, of insulating paper. The resulting 
functional age for this period was 8415.5 hours.  
The second component of AF is probabilistic, and it 
was estimated for all the 1000 probable HST profiles, 
also by means of (1) and (2). Therefore, L=1000 
probable values for the AF of the insulating paper 
were estimated for the 15/02/94 to 19/01/08 period. 
The total AF of the insulating paper was computed by 
adding both the deterministic and the probabilistic 
components. Fig. 9 shows the distribution of the total 
AF in a histogram of 50 bins. 

9) Step 9. It was observed from the results that 90% of 
computed AF are less than 41376 hours, and 95% 
(950) of the simulations yield to AF values lower than 
47739 hours. 

 
Figure 10. Loss of life percentage of the insulating paper.  
Source: Authors. 

 
 
Finally, the los-of-insulation life percentage, due to 

thermal aging, was computed by using (3), and the DP=200 
end of life criterion. As such we obtained the histogram 
shown in Fig. 10, in which it can be observed that the studied 
power transformer’s insulating paper is still in good 
condition, from a thermal aging point of view. In fact, from 
the histogram, it can be seen that the bin centered at 21.4% 
loss of life value reports the highest frequency of occurrence 
, i.e. it represents the mode. 

 
5.  Validation 

 
In this section the performance of the proposed 

methodology is assessed. 
 

5.1.  Probabilistic method assessment 
 
The result obtained in section 4.2, step 8, (AF = 8415.5 hours 

for the 20/01/08 to 31/07/10 period), i.e. the period for which 
hourly ambient temperature and load profiles are available, is 
compared with those obtained by assuming that data was not 
recorded. For this purpose, historical daily minimum and 
maximum temperatures, obtained from 91 normalized daily 
ambient temperature profiles and trained ANN were used to 
assess the probable AF by means of MSC. The most frequent bin 
(in effect, that containing 91 simulations) is the one centered in 
8680 h, with edge values of 8580 h and 8790 h. Additionally, 
950 simulations (95%) yield lower values than 11119 h. 

 
5.2.  Assessment of ambient temperature reconstruction 

methods, founded on sinusoidal functions of time 
 
References [22] and [23] present deterministic methods 

to produce hourly temperature data by assuming that yearly 
temperature amplitudes and hourly temperatures follow 
sinusoidal functions of time. To assess the performance of 
such proposals, again, a comparison of the results obtained 
from the period 20/01/08 to 31/07/10 was undertaken. 

In Fig. 11, actual and estimated by the sinusoidal 
functions of time ambient temperature profiles are plotted. 
From the estimated profile, the AF calculation is performed, 
obtaining a result of  6091 h. 
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Figure 11. Actual (black) and estimated by sinusoidal functions (red) 
ambient temperature profiles.  
Source: Authors. 

 
 

 
Figure 12. Histogram for functional age of the insulating paper assessed for 
the period 20.01.2008 - 31.07.2010. The black line indicates the value 
obtained from available data. The red line indicates the value obtained from 
the sinusoidal method to reconstruct the ambient temperature curve.  
Source: Authors. 

 
 

Table 3 
Comparison of the Proposed Method vs. the Method based on Sinusoidal 
Functions of time  

Actual AF 
Proposed 
method 

Difference 
Sinusoidal 

method 
Difference 

8415.5 h 8680 h 3.1% 6091 h 27.6% 

Source: Authors 
 
 
This result shows that AF is underestimated when the 

sinusoidal functions of time are employed to reconstruct the 
ambient temperature. A possible explanation for this result is 
that hot days are omitted for periods falling out of the hottest 
month; this can be observed in Fig. 11.  

 
5.3.  Discussion 

 
The results obtained from test in sections 5.1 and 5.2 are 

shown in Fig. 12. The deterministic result obtained in 4.2, 
and the central value of the most frequent bin obtained in 4.1 
are compared with the reference of 8415.5 h in Table 3. 

These results show that the probabilistic method proposed 
for the reconstruction of ambient temperature curve could 
lead to results that do not underestimate the functional age of 
the insulating paper. Moreover, the results also highlight that 
the proposed method is able to model the uncertainty 
involved in the problem that is the motivation for this paper. 

To conclude this discussion, there is a lot of research that 
needs to be done in order to achieve a higher degree of 
accuracy in the predictions about the transformer condition. 
It is widely recognized that in this problem there are several 
sources of uncertainty. For instance, there is uncertainty in 
the measurement and posterior diagnostic model of 
frequency response analysis when looking for faults in core 
and coils [24-26]. The situation is the same for DGA when 
oil is analyzed (in fact, there are several methods to infer 
incipient faults in the transformer through DGA, but none of 
these can be considered as the best one). Furan analysis to 
infer the DP, is affected by changes in oil, uncertainty about 
the mass of insulating paper, the type of paper, etc. 

In this context, it is expected that models to assess the 
loading history of a transformer may also be affected by 
uncertainty. There is uncertainty affecting (1); i.e., about the 
constant B=15000. There have been different values reported 
in [5]. Moreover, as stated in section 2.1, the reference value 
for end-of-insulation life and the Arrhenius plot are also 
affected by the three insulating paper aging mechanisms, 
hydrolysis, pyrolysis and oxidation. 

Finally, there is also uncertainty when one attempts to 
reconstruct historical load and ambient temperature profiles 
(especially in the adopted forecasted models, which 
undoubtedly can  be improved, e.g., by testing other ANN 
structures, or employing hybrid methods as ARIMA-ANN). 
However, it is noted that one of the major contributions 
reported in this paper is related to the capability of the 
proposed method in modeling uncertainty. Most of the 
standard methods are deterministic. Therefore, these do not 
recognize the uncertain nature of the analyzed problem. 

 
6.  Conclusions 

 
This paper introduces a methodology to estimate missing 

load data to be used in order to determine the functional age 
of power transformers’ insulating paper. The methodology is 
founded on the statistical analysis of local ambient 
temperatures, and on ANNs and MCS to estimate probable 
historical HST profiles. Subsequently, through the thermal 
aging principles of insulating paper, it is possible to assess 
the functional age and loss-of-insulation life percentage due 
to thermal effects.  

Later on in the research, a case study for a 30 MVA rated 
transformer with its corresponding database was presented. 
Based on this database and on long term temperature 
measurements from an external weather station, through 
MCS, 1000 probable ambient temperature curves were 
generated for the whole operational period of the unit. Then, 
using an ANN 1000, probable load profiles were obtained. 
With these results, a corresponding number of HST profiles 
were then gathered. 

Test results were processed to estimate the frequency of 
the occurrence of the studied transformer’s functional age. 
The results obtained show that the insulating paper from the 
unit under investigation is still in good condition, in terms of 
a thermal aging point of view and from its loading history 
analysis. Moreover, it was shown that calculation of 
functional age is also useful to estimate the loss of life 
percentage due to thermal aging. The presented methodology 
will contribute to the transformer condition monitoring as a 
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cheap, comparably fast and easily accessible tool, even for 
load profiles that do not contain the entire load and ambient 
temperature data for the whole period of unit operation. 

Further research on this issue must be conducted in order 
for several other important aspects to be considered. These 
include the following in particular: to include in the model 
influence of moisture on the aging speed, to improve the 
forecasting accuracy by testing hybrid methods as ARIMA-
ANN, and to assess both the functional age and the loss-of-
insulation life percentage in forecasted future load scenarios. 
Finally, the proposed method is an applicable tool for a major 
project research that is searching for the determination of a 
transformer risk index. 
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Abstract 
In countries with tropical climates, such as Brazil, the high summer temperatures associated with high relative humidities are a stress factor in animal 
production. Excessive heat within a poultry facility causes a reduction in feed intake and production, and increased bird mortality. With the knowledge 
that about 75% of the radiant heat load within a facility comes from the roof, it is necessary to study alternatives that can minimize this radiation. Thus, 
the objective of the present work is to analyze the thermal environment inside physical broiler housing models constructed on a reduced scale (1:10), 
where the thermal comfort was evaluated by the black globe humidity index (BGHI) and radiant heat load (RHL). Five models built with different roofing 
materials were evaluated. Based on the results, it can be concluded that roofs constructed with the channel clay roofing tile (TB30), natural fiber tiles with 
their external side painted white (TFVP15) and tiles made of recycled long-life packaging (TLV15), provide better thermal environments within the models.  
 
Keywords: reduced models, thermal environment, alternative materials, thermal capacity. 

 
 

Evaluación térmica de tejas ecologicas en modelos físicos de 
galpones avicolas  

 
Resumen 
En países con climas tropicales, como Brasil, las altas temperaturas asociadas con altas humedades relativas en el verano contribuyen como un factor de 
estrés en la producción animal. El calor excesivo dentro de una instalación avícola causa una reducción en el consumo de alimento y en la producción, y 
aumento en la mortalidad de las aves. Conociendo que el 75% de la carga de calor radiante dentro de una instalación viene desde el techo, es necesario 
estudiar alternativas que pueden minimizar esta radiación. El objetivo del presente trabajo fue analizar el ambiente térmico dentro de los modelos físicos 
de instalaciones de pollos de engorde construidos a escala reducida (1:10), donde el confort térmico se evaluó por el índice de humedad y de globo negro 
(BGHI) y la carga de calor radiante (RHL). Cinco modelos construidos fueron evaluados con diferentes materiales para techos. Basados en los resultados, 
se puede concluir que los techos construidos con tejas de cerámica (TB30), placas de fibra natural pintadas de blanco con en el lado externo (TFVP15) y 
placas de fabricadas con envases larga vida reciclado (TLV15), proporcionan los mejores ambientes térmicos. 
 
Palabras clave: modelos a escala, ambiente térmico, materiales alternativos, capacidad térmica. 

 
 
 

1.  Introduction 
 
The use of ecological tiles is an uncommon practice 

despite the potential to use industrial and urban waste when 
manufacturing them. 

For many years, in the construction and agricultural 
                                                      
How to cite: Damasceno, F.A., Schiassi, L., Yanagi, T, Osorio-Saraz, J.A. and Luiz-de Oliveirac, J., Thermal assessment of ecological tiles in physical models of poultry houses. 
DYNA 83(197), PP. 114-119, 2016. 

industries, roofs have been built with traditional materials 
such as fiber-cement, ceramics and aluminum. Current 
environmental concerns have forced architects and engineers 
to review the materials used in civil construction, and they 
now favor the use of renewable and less polluting energy 
sources [1]. 
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The roof most commonly used in Brazilian poultry 
facilities are fiber-cement tiles, which are simple to install, 
maintain and clean (in comparison to traditional ceramic 
tiles) in addition to costing less. This is mainly because the 
support structure is lighter and requires less labor [2,3]. 
Another advantage is that these tiles may also be combined 
with other methods, such as a reflective paint and water 
sprinkling on the external surface in order to decrease the 
temperature inside the facility [4]. 

In Brazil, a country with a tropical climate and high 
summer temperatures that receives intense solar radiation, 
the materials to construct roofs should provide good thermal 
insulation for the internal environment of the installations so 
they are less influenced by the outside climate [5]. 

According to some researchers [6], of the thermal 
radiation received from various parts of the installation 
surrounding an animal in the shade, 28% of the radiant heat 
load comes from the sky, 21% from the roofing, 18% from 
the unshaded area and 33% from the shaded area. 

The current trend of studies on agricultural projects in 
South American countries that occupy a prominent place on 
the world stage, such as Brazil, Colombia and Argentina, is 
focused on the technical and economic evaluation of 
technologies seeking to increase efficiency since the global 
economy requires the poultry industry to be more productive 
and at the same time more profitable. 

In tropical and subtropical countries, the importance of 
studying new roofing materials and especially ecological 
materials lies in the wealth of natural resources that these 
countries possess and the high incidence of direct solar 
radiation, especially in the summer. According to [7], 
incident solar radiation generates thermal discomfort, which 
is mostly related to the roofing material and the type of 
thermal cooling used, in humans and in animals housed 
inside production installations. 

This discomfort increases the risk of work-related 
accidents in addition to exposing the body to various 
conditions such as hyperthermia, dizziness and others. 
Animal discomfort causes a reduction in growth performance 
and increased mortality rate [8]. 

In this context, the construction of ecological roofs has 
begun to use plant cellulose fiber, paper and recycled long-
life packaging. These types of roofs have some advantages 
including: being eco-friendly, having good thermal and 
acoustic insulation, good mechanical strength, 
impermeability, and are socially inclusive and generate 
employment and income. 

As these new eco-friendly materials are being used in the 
construction of roofing tiles, the agro-industrial sector 
requires technical information on the damping capacity of the 
radiant heat load provided by these materials. 

Due to limited economic resources and to save time 
performing studies seeking to evaluate roofing materials, it is 
common to use physical broiler house models built on a 
reduced scale [9-14]. According to [12], the use of these 
physical models is based on the theory of similarity, which 
intends to establish relationships that allow for real 
predictions to be made based on observations of smaller 
models. 

Therefore, the objective of this study was to evaluate the 
efficiency of ecological tiles to reduce the radiant heat load. 

It seeks to look for improvements in the thermal environment 
of facilities for broilers. 

 
2.  Material and methods 

 
2.1.  Construction and field deployment of the reduced models 

 
In order to undertake this experiment, five models at a 

reduced scale of 1:10 were constructed, based on the 
methodology used by [9,11-14] for east-west oriented poultry 
houses, They had different types of roofing as indicated in 
Table 1, were constructed according to the cross-section 
schematic of the models (Fig. 1) and arranged according to 
the overview of the experimental area (Fig. 2). 

The physical models were deployed in the experimental 
area at the Construction and Ambience Sector of the 
Engineering Department, Federal University of Lavras, 
located in southern Minas Gerais - Brazil (21°14’ S latitude 
and 45°00’ W longitude, located 918 m above sea level). The 
local climate, according to the Köppen climate classification, 
is Cwa: a humid temperate with a dry winter. 

In order to construct small-scale models, real dimensions 
of a commercial poultry house for production of broiler 
chickens were used as the basis, with a standard that is 
adopted worldwide (12.0 m wide, 120.0 m long, ceiling 
height of 3.5 m and distance between roof trusses of 5.0 m). 

In the construction, 1 cm thick plywood panels were used 
that were reinforced by a 3 x 3 cm wood structure. After 
construction, the models were 1.2 m wide, 1.5 m long and 
had a distance between roof trusses of 0.5 m. There were 
three sections of 5 m that represented the distance between 
pillars. All constructed roofs had 2.0 meter overhangs. The 
central sector of physical models was used to set the 
measuring sensors of environmental variables. 

The east and west sides of the buildings were completely 
closed with plywood. The side had a height of 0.5 cm, 
corresponding to the real sheds’ existing 5 cm low walls. The 
buildings’ floors were elevated from the soil by 0.4 m, 
making the air flow at floor height approximately the same, 
with respect to a real shed [11,12]. All reduced physical 
models had the ridges of the roofs oriented in the east-west 
direction since they are located in the southern hemisphere. 

 
Table 1. 
Treatments tested in the experiment. 

Description of the Treatments 
TAL15 um roof, 0.5 mm thick, 15° inclination, with no louver and a 

ceiling height of 3.5 m. 
TB30 l clay roofing tile (Roman), 30 inclination, with no louver 

and a ceiling height of 3.5 m. 
TFVN15 g tile of cellulose fiber (recycled paper) and bitumen, 0.5 mm 

thick, 15° inclination, with no louver and a ceiling height 
of 3.5 m. 

TFVP15 Roofing tile of cellulose fiber (recycled paper) and 
bitumen, externally painted with two coats of hydrated 
lime, 0.5 mm thick, 15° inclination, with no louver and a 
ceiling height of 3.5 m. 

TLV15 g tiles made of recycled long-life packaging, with a thickness 
of 6 mm, ceiling height of 3.5 m and 15° inclination, with 
no louver. 

Source: The authors. 
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Figure 1. Schematic illustration of the cross sections of the physical models 
built on a reduced scale (unit: cm).  
Source: The authors. 

 
 

 
Figure 2. Overview of the experimental area and distribution of the physical 
models (unit: cm).  
Source: The authors. 

 
 

2.2.  Instrumentation and measurements 
 
The dry bulb temperature (Tdb), black globe temperature 

(Tbg), relative humidity (RH) and air velocity (V) variables 
were measured in the constructed physical reduced scale 
models and in the external environment over a period of 
seven non-consecutive typical summer days, with a clear sky, 
between 12 and 16 h. These conditions present severe 
thermal discomfort conditions, at 15-minute intervals. After 
this process, the respective values of BGHI and RHL were 
calculated for the measurement times. 

Inside the reduced scale physical models, sensors were 
installed at the height corresponding to the geometric center 
of the birds, i.e., 3 cm from the floor (30 cm in the actual 

buildings). In the external environment, climate data was 
collected in a weather shelter that was installed in the 
experimental area, except for Tbg and V, whose sensors were 
allocated at the height corresponding to the geometric center 
of the birds. 

 
2.2.1.  Dry bulb, wet bulb and black globe temperatures 

 
The thermal environment was assessed by the Tdb, Tbg and 

RH, in which these three variables were measured by means 
of sensors / recorders (Hobo®, mod. U12-013, accurate to ±3 
%). In each reduced model, one sensor / Tdb, Tbg and RH 
recorder were installed. These sensors were housed inside a 
perforated protective container in order to prevent damage to 
equipment. Readings were compared to a sensor outside of 
the protection in order to verify any interference that the 
protective container had on equipment measurements. In the 
case of Tbg, only the recorder was housed in the protective 
container, since the temperature sensor was inserted into a 
plastic sphere measuring 3.6 cm in diameter and painted 
matte black. The recorder-sensor assembly was calibrated 
against a standard made of copper, with a 15 cm diameter and 
0.5 mm thickness, painted black. 

 
2.2.2.  Air velocity 

 
The air velocity was measured using a digital propeller 

anemometer (Kestrel® mod. 4000, accurate to ± 3%). 
Measurements were obtained in the vicinity of each black 
globe, on the same days and at the same times. 

 
2.2.3.  Climatic variables of the external environment 

 
External climate data was collected using a weather 

shelter installed in the experimental area. In this shelter, 
sensors were installed to measure air temperature and 
humidity. Thus, Tdb and RH data could be developed using 
measurements at 15-minute intervals, indicating the average, 
maximum and minimum. A black globe thermometer was 
installed in the external environment to quantify the BGHI 
and RHL of the external environment. 

 
2.3.  Determination of the thermal indices 

 
From the Tdb data, dew point temperature (Tdp), Tbg and V 

measured at the predetermined times, the respective BGHI 
and RHL values for each measurement time were calculated 
according to eq. 1 and 2, respectively. 

 
08.330T36.0TBGHI dpbg   (1) 

 
where: 
Tbg: black globe temperature, K; 
Tdp: dew point temperature, K. 
 

4
m)(TRHL     (2) 

 
where: 

σ: Stefan-Boltzmann constant (σ = 5.67 x 10-8 W m-2 K-4); 
Tm: mean radiant temperature, calculated by eq. 3. 
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Classification of materials used in the roofs or their 

designs was performed by effectiveness (ε), which may be 
defined in relation to the BGHI [18, 3, 28, 11] by eq. 4. 

sun tested roof

sun aluminium roof

BGHI - BGHI
ε = 

BGHI - BGHI
 (4) 

 
2.4.  Experimental design and statistical analysis  

 
We used a randomized block design (RBD), in which the 

treatments were arranged in a split-plot design, with seven 
repetitions (measurement days) The plots were attributed to 
the constructed reduced scale models with the different roofs, 
and subplots with the measurement times. The mean BGHI 
and RHL for the treatments were compared with the Skott-
Knott test at a 5% probability. The Sisvar 4.6 software [14] 
was used for statistical analysis. 

 
3.  Results and discussion 

 
Results from the analysis of variance for the response 

variables BGHI and RHL (W. m-2) are presented in Table 2. 
It was verified that for both the BGHI and RHL there was a 
significant difference (p<0.05) for the treatments and 
measurement times. However, no significant difference was 
observed for the interaction of treatments x measurement 
time (p>0.05).  

Regarding the BGHI, the coefficients of variation for the 
plots and subplots were 2.64% and 1.33%, respectively; and for 
the RHL they were 3.37% and 2.65%. This demonstrated little 
variability of the observed models in relation to the means. 

For both the RHL and BGHI (Table 3), the treatments that 
resulted in the best thermal comfort conditions inside the 
reduced physical models were TB30, TFVP15 and TLV15, which are 
statistically equal (Skott-Knott test, p<0.05). The other 
treatments presented poorer results (Skott-Knott test, p>0.05). 

The results obtained for the BGHI and RHL are in 
accordance with those observed by [16] and [17], where TB30 
presented the best efficiency when compared with the other 
materials due to its reflective capacity and porosity. It is 
therefore statistically equal to TFVP15 and TLV15 and different 
in relation to TFVN15 and TAL15.  

When considering tiles constructed of natural plant fiber 
sealed with bitumen, a better efficiency was observed when 
they were painted with two coats of hydrated lime on the 
external surface. This effect was similar to that encountered 
when using white paint on fiber-cement tiles, as observed by 
[16,18,19], where it was shown that the use of reflective paint 
on the tiles resulted in improved thermal performance. 

Mean BGHI values observed in treatments TB30 and 
TFVP15 were in agreement with those found by [20], from 69.0 
to 77.0, where adult birds have the highest productivity and 
best performance parameters. 

Table 2.  
Summary of the analysis of variance for the temperature index response 
variables: black globe humidity index (BGHI) and radiant heat load (RHL). 
    Mean square 
FV DF BGHI RHL 
Blocks 6 55.34* 3330.45* 
Treatments 4 22.29* 1110* 
Error (a) 24 4.17 256.86 
Times 16 2.36* 143.81* 
Treatment x Time 64 0.33 ns 18.41ns 
Error (b) 240 1.06 61,81 
C.V. Error (a) %   2,64 3.37 
C.V. Error (b) % =  1.33 2.65 

*: significant at 5% probability (F test); ns: non-significant (F test).  
Source: The authors. 

 
 

Table 3.  
Mean values of the radiant heat load (RHL), reduction of the RHL and black 
globe humidity index (BGHI) and reduction of the BGHI in relation to the 
external environment for the various treatments tested. 
Trea
t. 

BGH
I 

Reduction of BGHI 
(%) 

RHL 
(W.m-2) 

Reduction of RHL 
(%) 

TB30 
76.61 

a 7.09 471.23 a 20.24 
TFVP1

5 
76.68 

a 7.01 472.75 a 19.98 

TLV15 
77.07 

a 6.54 475.49 a 19.52 
TFVN1

5 
77.72 

b 5.75 480.45 b 18.68 

TAL15 
77.84 

b 5.6 479.47 b 18.84 
TEXT 82.46   590.82   

Source: The authors. 
 
 
The RHL values for all treatments were lower than those 

found in [19], 498.3 (W. m-2), and [21], 502.7 W m-2 (average 
of the times) for sheds with clay tiles. Reduction of the BGHI 
by the roofs varied from 7.09 to 5.60% for the best (TB30) and 
worst (TAL15) treatment, respectively. For the RHL, the 
change was 20.24% to 18.68% for the best (TB30) and worst 
(TFVN15) treatment. The RHL reduction results are within the 
range suggested by several authors, which is from 20 to 40% 
[22-25]. 

Fig. 3 shows the average internal and external behaviors 
of the BGHI and RHL, depending on the time of day for the 
tested treatments, and the lower and upper limits of thermal 
comfort for the BGHI. The lower and upper limits of BGHI 
that prevented the broilers from suffering stress had values of 
69.1 and 77.5, respectively, and were in accordance with the 
recommendations reported by other studies [21,27,28]. 

The classification of effectivities (ε) of the roofs is 
presented in Table 4. Behavior was observed similar to that 
found for [11,28]. These results complement the information 
in the literature related to the classification of roofs made of 
different types of materials, especially those obtained by 
[3,11]. 

Through analysis of the BGHI, RHL and ε, it was verified 
that the roofs TB30, TFVP15 and TLV15 provided the best thermal 
comfort conditions inside the physical reduced-scale models. 
This is due to the increased thermal resistance of the roof, an 
effect of the thickness of the material and the light color, as 
shown by [11]. 
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Figure 3. Mean values of the black globe humidity index - BGHI (a) and 
radiation heat load - RHL (b), corresponding to the height of the birds.  
Source: The authors. 

 
 

Table 4.  
Mean values and standard deviations of the effectiveness (ε) of the roofs in 
reducing the black globe humidity index (BGHI) in relation to the roof 
constructed with aluminum sheets. 

Treatments Effectiveness (ε) 
TFVN15 1.28 ± 0.13 
TFVP15 1.26 ± 0.18 
TB30 1.18 ± 0.12 
TLV15 1.16 ± 0.14 
TAL15 1.00 ± 

Source: The authors. 
 
 

4.  Conclusions 
 
The roofs constructed with tiles made of ceramic, plant 

fiber, painted bitumen and recycled long-life packaging 
provided the best thermal comfort conditions inside the 
physical broiler housing models built on a reduced scale 
(1:10). Statistically equal results were obtained. Average 
reduction of the black globe humidity index (BGHI) and 
radiant heat load (RHL) were 6.88% and 19.91%, 
respectively. 
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Abstract 
Chemical process and automation of data collection for industrial processes are known to result in auto-correlated data. The independence 
of observations is a basic assumption made by traditional tools that are used for the statistical monitoring of processes. If this is not adhered 
to then the number of false alarms and quality costs are increased.  This research considers the use of variable parameters (VP) charts in 
the presence of autocorrelation. The objective is to determine the impact on the detection velocity and false alarms of different degrees of 
autocorrelation and their interaction with process conditions—the aim being to effectively select parameters. The VP chart showed 
improvements in its performance when detecting large average runs as the autocorrelation coefficient increased in contrast with the 
traditional variable sample interval (VSI) and ̅ݔ quality systems. This research demonstrates the superiority of variable parameters quality 
monitoring architectures over traditional statistical process monitoring tools.  
 
Keywords: Autocorrelation, Variable parameters control charts, Statistical Quality Monitoring, Simulation, Quality 

 
 

Desempeño estadístico de cartas de control con parámetros variables 
para procesos autocorrelacionados 

 
Resumen 
Procesos químicos y automatización en la recolección de datos en procesos productivos son reconocidos por producir datos 
autocorrelacionados. La independencia de las observaciones es uno de los supuestos básicos de las herramientas tradicionales para el 
monitoreo estadístico de procesos, omitirlo hace que se incremente el número de falsas alarmas y los costos de calidad. Esta investigación 
considera a través de técnicas de simulación, la utilización de cartas de control con parámetros variables (VP) en presencia de datos 
autocorrelacionados con el objetivo de determinar el impacto en la velocidad de detección y falsas alarmas de diferentes grados de 
autocorrelación y su interacción con diferentes condiciones de proceso como la varianza y longitudes del corrimiento de la media, en 
búsqueda de realizar una selección efectiva de parámetros. La carta VP mostro mejoras en su desempeño en la detección de grandes 
corrimientos de media en la medida que incrementaba el coeficiente de auto correlación y sostenidamente mejores resultados en una mayor 
cantidad de condiciones de simulación, en contraste al sistema VSI y ̅ݔ  tradicional. Esta investigación demuestra la superioridad de sistemas 
de calidad vasados en esquemas con parámetros variables comparado con las técnicas tradicionales de control estadístico de procesos.  
 
Palabras clave: Autocorrelación, Cartas de control con Parámetros Variables, Monitoreo Estadístico de la Calidad, Simulación, Calidad 

 
 
 

1.  Introduction 
 
Traditional tools used in the statistical monitoring of 

processes assume no correlation between consecutive 

                                                      
How to cite: Oviedo-Trespalacios, O. and Peñabaena-Niebles, R., Statistical performance of control charts with variable parameters for autocorrelated processes. DYNA 83(197), 
pp. 120-128, 2016. 

observations of the quality characteristic being controlled.  
This assumption is violated if there is a set of data that shows 
a trend towards moving in moderately long “runs” to both 
sides of the mean [1]; this is known as memory process.  



Oviedo-Trespalacios & Peñabaena-Niebles / DYNA 83 (197), pp. 120-127. June, 2016. 

121 

Specifically, the effect of violating this assumption in 
traditional control charts such as the ̅ݔ  chart will produce an 
increase in out of control false alarms [2].  Similarly, if the 
correlation is negative, it is possible that the control chart is 
not detecting disturbances or assignable causes different to 
the natural variation of the process [3].  

Barr [4] demonstrated that correlation between data 
means that Shewhart control charts are ambiguous tools to 
identify assignable causes. This means that it is necessary to 
invest efforts into their adjustment or to develop new 
monitoring alternatives.  The strategies that were designed to 
handle autocorrelation in productive processes include five 
procedures: (i) Modifying the traditional control chart 
parameters, (ii) Adjusting time series models to use normal 
residuals in typical control charts, (iii) Applying 
transformations that correct the correlation in the data, (iv) 
Forming an observation vector that facilitates the application 
of multivariable techniques, and (v) Applying artificial 
intelligence techniques to discover patterns in the data. 

The first study on the procedure of varying parameters in 
control charts was undertaken by Reynolds, et al. [5], who 
suggested modifying the sampling interval (h) according to 
the performance observed for the process.  The second 
parameter considered in the literature was the size of the 
samples (n), which was investigated by Prabhu, et al. [6],  and 
the factor that determines the width of the control limits (k) 
that was studied by Costa [7]. Similarly, some models, such 
as the one proposed by Mahadik [8], include the warning 
limit coefficient (w). Initially, each of these variables was 
considered independently, and subsequently, there have been 
schemes in which the sampling interval and size of the 
sample change simultaneously.  The concept of varying all 
the parameters simultaneously can be attributed to Costa [7], 
who used possible maximum and minimum values to adjust 
all the parameters based on information of the previous 
sample; this type of chart is currently known as an adaptive 
chart or a variable parameter (VP) chart. 

The present research work aims to use simulation to 
evaluate the robustness of a VP chart process-control system 
in scenarios in which observations are autocorrelated.  In 
order to do so, different design parameters in the control chart 
will be considered, including the following: control 
coefficients; sample size and interval; and process conditions 
such as the variance, autocorrelation coefficient, and run 
length. 

VP control charts require the use of new performance 
indicators, given that the average run length (ARL), which is 
the most frequently used indicator, is not adequate for 
adaptive charts because it has no constant sampling intervals 
and sample sizes.  Accordingly, the following indicators were 
used to evaluate the statistical performance of the VP chart: 
the average number of observations until a signal is emitted 
(ANOS), the average time between the point in which an 
average run occurs and the emission of a signal (AATS), and 
the average number of false alarms per cycle (ANFA).  
Including a metric for false alarms improves the performance 
evaluation proposals of VP charts in environments with 
autocorrelated observations because the literature that has 
been revised only lists comparisons based on the detection 
velocity of an average run.   

This paper follows a structure that primarily includes a 

presentation of the variable parameter chart model. This is 
followed by a historical review of the studies that are 
dedicated exclusively to analyzing the statistical performance 
of control chart models with variable parameters in 
environments with univariate data with correlations between 
observations. Next, the characteristics of the autocorrelated 
quality variables are presented, and we describe the 
methodology used to evaluate the performance of VP charts 
with different process conditions and design parameters for 
the control chart in the presence of autocorrelation.  Finally, 
we present the results of the simulation, making a comparison 
between the ̅ݔ chart and the VSI chart, and then state our 
conclusions. 

 
2.  Control Charts with Variable Parameters (VP) 

 
When designing a VP chart, as well as a traditional ̅ݔ  

chart, parameters such as the sample size (n), sampling 
interval (h), and control limit and warning limit coefficients 
(k, w) must be taken into account.  These parameters vary 
between two values, minimum and maximum, the selection 
of which reduces or increases the strictness of the control.  
Consequently, the selection of the parameters must fulfill the 
following conditions: n1<n2, h1>h2, w1>w2 y k1>k2, in such a 
manner that the scenario with values (n1, h1, w1, k1) 
corresponds to the relaxed control and the scenario with 
values (n2, h2, w2, k2) corresponds to the strict control.   

The VP chart is divided into three different regions: the 
central region that is bounded by the lower warning limit and 
the upper warning limit (LAI, LAS, for their initials in 
Spanish); the warning region that is bounded by the areas 
between the lower control limit up to the lower warning limit 
(LCI, LAI, for their initials in Spanish) and the upper warning 
limit up to the upper control limit (LAS, LCS, for their initials 
in Spanish); and the action region that is bounded by the 
values that surpass the upper control limits (LCS, for its 
initials in Spanish) and the values that are lower than lower 
control limit (LCI) (see Fig. 1). 

The decision policy states that the position in which each 
sample falls determines which set of control parameters 
(relaxed or strict) will be used in the following sample. 
Equation (1) follows:. 

 
ሺ݊௜, ݄௜, ݇௜, ௜ሻݓ ൌ

ቐ
ሺ݊ଶ, ݄ଶ, ݇ଶ, ݓ	݂݅	ଶሻݓ ൏ ܼ௜ିଵ ൏ ܵܥܮ
ሺ݊ଵ, ݄ଵ, ݇ଵ, ݂݅	ଵሻݓ െ ݓ ൏ ܼ௜ିଵ ൏ ݓ
ሺ݊ଶ, ݄ଶ, ݇ଶ, ܫܥܮ	݂݅	ଶሻݓ ൏ ܼ௜ିଵ ൏ െݓ

(1) 

 

 
Figure 1. Control chart model with variable parameters (VP) 
Source: The authors 
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Figure 2. Control chart model with variable parameters (VP) 
Source: The authors 

 
 
On the one hand, if the point falls in the central region, 

control is reduced, the sample size must be small n1, and the 
sampling interval and control and warning coefficients must 
be large: h1, k1, and w1.  On the other hand, if the point falls 
in the warning region, control is increased, resulting in a large 
sample size n2, and the sampling interval and control and 
warning coefficients must be small: h2, k2, and w2 (see Fig. 
2).  Finally, if the point falls in the action region, the possible 
occurrence of an assignable cause must be investigated, and 
if pertinent, an intervention must be initiated.   

To implement the VP chart, a statistical design must be 
used by selecting parameters that optimize the statistical 
properties of interest (see equation 1).  However, when it is 
preferred that the costs associated with the control process 
are low, without taking into account the loss of statistical 
characteristics of the process, we refer to this as the 
economical design of a control chart.  When it is desirable to 
select parameters that balance the statistical behavior and 
costs of the process, we are referring to an economical-
statistical design of a control chart.  Consequently, the type 
of design is based on what is being sought: cost reduction and 
high performance in detecting imbalances in the process or 
equilibrium between these two variables [9, 10].  Identically 
to the traditional ̅ݔ  chart, the VP chart emits a signal to stop 
the process when an observation is found to be outside of the 
control limits [7].  

 
3.  Literature Review 

 
A limited number of published studies address the 

problem of autocorrelation in the performance of charts with 
variable parameters.  Among the first studies is the one 
conducted by Reynolds, et al. [11], which uses the efficiency 
shown by control chart schemes with a variable sampling 
interval (VSI) as a reference to detect changes in the mean 
more quickly than a fixed model does, thereby exploring the 
impact of the presence of autocorrelation on the chart 
performance.  This study was motivated by the assumption 
that the correlation between observations would be more 
evident in this type of chart when having shorter sampling 
intervals than in those with the traditional scheme. 
Experimentally, a first order, autoregressive, temporal, series 
model AR (1) was selected to model observations; 

subsequently, with the help of a Markovian process, the 
properties of the VSI scheme were contrasted with those of 
the traditional scheme.  As a result, as the autocorrelation 
levels increased, no significant differences were found 
between the performance of the variable scheme and those of 
the traditional scheme.  

Prybutok, et al. [12], compared the response time of the 
fixed scheme of traditional ̅ݔ charts with that of the proposal 
of control with VSI proposed by Reynolds, et al. [5] in the 
presence of autocorrelation.  In their research, they explored 
the impact of utilizing a policy of pre-establishing control 
limits based on theoretical parameters that are typically 
determined as the three-sigma limits (σx) for data that follow 
a standard normal distribution. This was contrasted with a 
policy based on calculating control limits that understood the 
first 25 samples according to Montgomery [13]. The limits 
calculated are based on the theoretical relationship between 
the autocorrelation process and its (σx) according to the 
model proposed by Wardell, et al. [14]. These authors explain 
how σ̅ݔ depends, for certain types of autocorrelated 
processes, on the parameter ϕ and on the standard deviation 
(σa) [see Equation (2)].  The use of values different from the 
σa values in the control charts was also considered a method 
of adjusting the chart to the number of false alarms detriment. 

 

σ୶ ൌ ට
ଵ

ଵିமమ
σୟ		     (2) 

 
The results of the present study reveal that adjusting the 

control limits in a fixed sampling scheme for large values of 
ϕ helps to reduce the rate of false alarms.  With moderate 
autocorrelation levels, the pre-established process limits 
demonstrate a better performance, identifying when the 
process is out of control in contrast with the calculated limits; 
however, when the process is under control, the result that 
comes from using a predetermined scheme shows a 
considerable increase in the number of false alarms. In 
processes with high levels of correlation between 
observations, the pre-established limits are more effective in 
maintaining a low rate of false alarms but are inefficient in 
detecting changes in the mean.  In general, a variable 
sampling scheme is beneficial for statistical monitoring 
because it improves the average time before emitting a 
stoppage signal when the process is under control.    

Zou, et al. [15] indicated years later that the literature 
using charts with variable parameters is scarce; specifically, 
they mention that there is still work to be undertaken on the 
dependence of the correlation between observations on their 
distance at the time of sampling This is because, in a VSI 
scheme there is uncertainty regarding the interval length and 
also because, in many cases, it does not match the natural 
periods of the process. In addition, these authors state that 
very little is known about the level of advantage offered by 
such a scheme, and there is still no correct way of estimating 
the control parameters despite the impact they have in 
determining the power of the charts. This study establishes 
the VSI chart parameters to take samples in fixed time 
periods, limiting the study to cases in which the same power 
of the original scheme was registered with independent data. 
It is, therefore, possible to compare their performance with 
the process modeled through an AR(1) process.  The results 
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show that VSI charts with a fixed time and sampling rate, 
despite providing implementation benefits, do not show 
improvements in the monitoring of autocorrelated processes 
within the levels evaluated 0.4 < ϕ < 0.8. 

Lin [16] evaluated the performance of the VP control 
charts in the presence of autocorrelated observations, through 
a comparative study between the traditional ̅ݔ	chart, VSI, VP, 
and the cumulative sum chart (CUSUM) in an AR(1) process.  
The results indicate that, in principle, high levels of 
autocorrelation require more time and samples to detect 
changes in the process mean.  Of the different ̅ݔ	chart 
schemes studied (traditional, VSI, and VP), the VP chart has 
a substantially lower AATS to detect small changes in the 
mean when the correlation is not very high. This is because 
it appears to become ineffective as the variable parameters 
increase.. The CUSUM scheme, in contrast with the VP 
scheme, has a better detection capacity and also exhibits the 
lowest sampling costs for the detection of small changes. 
When the autocorrelation increases, this advantage becomes 
more important. However, to detect large changes in the 
mean, the VP chart is generally faster than the CUSUM.  The 
correlation levels considered in this study were 0.4 < ϕ < 0.8, 
and the running magnitude was 0.5 < δ < 2.   

Recently, Costa and Machado [17] developed 
comparisons between the detection velocities of an out-of-
control, first-order, autoregressive process AR(1) whilst 
following a Markovian approach of a VP chart and a double 
sampling chart scheme.  Changes in the mean between 0.5 < 
δ < 2.0 and correlation levels of ϕ=0.4 and ϕ=0.8 were 
considered.  The results obtained reveal that: i. With high ϕ 
and variance proportion levels due to the random average ψ 
that is defined in Equation (3), the use of VP schemes is not 
justified because the change in the temporal detection 
efficiency of an assignable cause in the process is marginal; 
ii. The control chart with variable parameters has a better 
performance when the values of the small samples are used 
to choose the size of the next sample in the process instead of 
the state of the process; and iii. The double sampling scheme 
works better when the process never sends signals before 
proceeding to the second stage of sampling. 

 

߰ ൌ
ఙഋమ	

ఙೣ
మ ൌ 	

ఙഋమ	

ሺఙഋ
మାఙ೐

మሻ
    (3) 

 
4.  Autocorrelated quality variables 

 
The usual assumption that generally justifies the use of 

control chart systems is that the data generated by the process 
of the quality characteristic of interest X are normally 
distributed and independent, with a mean µ and known 
variance σ2 [11]. For this study, we will operate under the 
assumption that there is a correlation between the 
observations.  In order to model it, a temporarily discretized 
random variable has to be considered to describe t-th element 
is contained in the following Equation (4). 

 
X୲ ൌ μ ൅ ε୲     (4) 

 
where Xሺtሻ is a stochastic process I ൌ 	 ሼXሺtሻ, t ∈ Iሽ is a 

family of indexed random variables, where I is the set of 
discrete indices, (e.g., I ൌ ሼ… ,െ2,െ1,0,1,2, … ሽ).  In the 

model of control charts, this implies that ሼX୲ሽ୲	∈	୍ contains all 
the discrete points in time t  [18].  

We refer to autocorrelation when the linear association 
between observations of the process is significant.  For 
processes in which the mean and covariance is finite and 
independent of time and X୲, observations are generated at a 
time t	ሺt ൌ 1, 2, 3, … ሻ, the autocorrelation in the delay k is 
given by Equation (5) [19].  

 

ρ୩ ൌ
୉ሾሺଡ଼౪ିஜሻሺଡ଼౪శౡିஜሻሿ

஢౮
మ 		 	 	 (5) 

 
Autoregressive models are frequently used in the 

literature to represent the correlation of productive processes. 
Gilbert, et al. [19] demonstrated that there are no systematic 
works cited in the literature that directly address the 
monitoring of different autoregressive models. This approach 
is characterized by the fact that the behavior of a variable in 
a specific moment in time depends on the past behavior of 
the variable.  Therefore, the value taken by the variable at 
time t can be written linearly with the values taken by the 
variable at times t-1, t-2, t-3…, t-p.  In this scheme, p in the 
term AR(p) indicates the delays taken into account to 
describe or determine the value of xt.  If the dependency 
relationship is established with the p previous delays, the 
process will be first order autoregressive AR(1), according to 
Equation (6). 

 
Aܴሺ1ሻ	ݔ௧ ൌ 	߮ଵݔ௧ିଵ ൅  ௧    (6)ߝ

 
where ε୲ is a white noise process, with a mean of 0, a 

constant variance of σகଶ, and zero covariance, and φ 
corresponds to the autoregressive parameter.   

 
5.  Methodology 

 
This study was conducted by simulation to compare the 

performance of VP charts in monitoring autocorrelated 
processes under different process conditions and design 
control chart parameters. The following performance 
indicators were used: the AATS, ANOS out of control, and 
the ANFA.  To develop the simulations, the methodology 
was organized as follows: 

 
5.1.  Modeling of the AR(1) series 

 
To simulate the autocorrelation of the process through an 

autoregressive model, we take into account the 
considerations made by Reynolds, et al. [11] and Lin [20],  in 
which observation X୧ can be written as X୧ ൌ μ୧ ൅ ε୧, i ൌ
1, 2, 3…, where μ୧ is the main random process of the sample 
taken0 in time t୧ and ε୧ is the random error.  To include an 
AR(1) process, the expression developed in (6) is included in 
Equation (4), resulting in:  

 
μ୧ ൌ 	 ሺ1 െ ϕሻξ ൅ ϕμ୧ିଵ ൅ α୧,					i ൌ 1, 2, 3… , n  (7) 
 
In Equation (7), ϕ represents the correlation level 

between μ୧ and μ୧ିଵ. The paramter ξ corresponds to the 
global mean of the process, specifically, ξ ൌ Eሺμ୧ሻ. The 
variable α୧ corresponds to a random shock that is normally 
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distributed with a mean of 0 and a variance of σ஑ଶ  and which 
is independent from other sources of random error.  The 
initial value of the mean μ଴ is assumed to be normally 
distributed with a mean ξ and variance σஜଶ. Reynolds, et al. 
[11] demonstrated that μ୧ follows a normal distribution with 
mean ξ and variance σஜଶ ൌ 	σ஑ଶ ሺ1 െ⁄ ϕଶሻ. As a result, the 
distribution of X୧ has mean ξ and variance σଡ଼

ଶ ൌ σஜଶ ൅	σகଶ. 
Similarly, Lu and Reynolds [21] considered that σஜଶ can be 
seen as the long-term variability, while σகଶ	is a combination 
between the short-term variance and measurement errors.  
Subsequently, Lin [20] simplifies the model by assuming a 
ratio ψ as the proportion of the process variance due to the 
random mean μ୧, where 0 ൑ ψ	 ൑ 1 . With this step, we find 
that the proportion of the variance due to the random error ε୧ 
is	1 െ ψ. 

 
5.2.  Definition of the process parameters 

 
For this study, the process parameters considered were 

the autocorrelation coefficient, the proportion of the variance 
of the process due to random mean μ୧, the occurrence of the 
assignable cause, and the average run length. The 
autocorrelation coefficient with which we will work is 
positive. This follows the recommendation by Reynolds, et 
al. [11] regarding the scarce presence of processes with a 
negative correlation between observations in the 
manufacturing industry.  Because the number of simulation 
runs must remain computationally manageable, the values of 
the autocorrelation coefficient were limited to ρ = 0.2, 0.4, 
0.6, 0.8, 0.99, ensuring that a wide range of values were 
included.  The proportions of the process variance due to 
random mean μ୧ used follow the Lin’s [20] recommendation 
, who defined three levels: ψ	 = 0.2, 0.5, 0.9. 

The occurrence of the assignable cause or the point at 
which the mean of the process suffers a run of known 
magnitude δ, is determined randomly through an exponential 
distribution with mean 1/λ.  It is noteworthy that the model 
of a single assignable cause with a known effect does not 
respond to real process conditions; however, it provides us 
with an acceptable and quasi-optimal approximation to carry 
out the economic and statistical designs in a more realistic 
process that is subject to multiple assignable causes [22]. 

The running length uses changes in the absolute value δ, 
in an attempt to detect increments and decreases in the value 
of the process mean. This is allowed because the formulation 
of the xത control charts for both sides of the process mean is 
exactly the same [22]. Increments of δ = 0.5σx, 1σx, 2σx, 3σx 
are appropriate to establish patterns of change in the 
behavior; in addition, they take advantage of the values 
proposed by Prybutok, et al. [12] by allowing the evaluation 
of small changes in the mean (0.5σx) and widening the 
spectrum of values considered by Lin [20], who changed the 
values without considering the natural variance of the 
process.  Particularly, in this study, we will consider run 
lengths of 0.5σx as low, 1σx medium, 2σx as high, and 3σx as 
very high.  

 
5.3.  Defining the chart parameters  

 
The interest of this study is to evaluate the impact of the 

autocorrelation coefficient on the performance of the VP 

chart. The objective is to offer a guide to its performance 
under certain combinations of chart parameters. To select the 
levels over which the simulation will be developed, we took 
into account the study performed by Lin [20]. The values and 
combinations of h1, h2, n1, n2, k1, and k2 are listed in Table 1.  

Mathematically, we can express the control chart 
according to equations (8-9), where ξ଴ is the mean of the 
process when it is under control, σଡ଼ഥౢ is the standard deviation 
of Xഥ, k୪

∗ is the control limit parameter, and w୪
∗ the warning 

limit parameter with sample size n୪
∗, where k୪

∗ ൒ w୪
∗ for the 

case l ൌ 	1,2.	  
 
UCL୪ ൌ 	 ξ଴ ൅ k୪

∗σଡ଼ഥౢ	y	LCL୪ ൌ 	 ξ଴ െ k୪
∗σଡ଼ഥౢ	  (8) 

 
UWL୪ ൌ 	 ξ଴ ൅ w୪

∗σଡ଼ഥౢ	y	LWL୪ ൌ 	 ξ଴ െ w୪
∗σଡ଼ഥౢ  (9) 

 
Selecting the initial policy to be strict or relaxed is 

conducted randomly to avoid the effect it might have on the 
detection capacity of the chart in the presence of false alarms. 

 
5.4.  Performance indicators 

 
We take the model proposed by Lin [16] and Lin [14], 

which uses the average number of observations until a 
signal is emitted (ANOS) and the average adjusted time 
calculated from the point in which an average run occurs 
and a signal is emitted (AATS) when the process is out of 
control as performance metrics for variable parameter 
schemes.  An important contribution of this research, in 
contrast with the work undertaken by Lin [14], is that the 
values of false alarms are not maintained constant and that 
they are considered a response variable of the simulations. 
To that end, we take the model by Franco, Costa, and 
Machado (2012), which records the average number of false 
alarms per cycle (ANFA).  In general, it is desirable for 
ANFA values to be small in order to reduce the frequency 
of false alarms [20].  

The simulation was executed by programming an 
application in MATLAB 8.1 and programming 32,400 runs, 
for each combination of the autocorrelation 
coefficient/proportion of the process variance due to random 
mean μi/sampling interval/sample size/control 
coefficient/run length, following the logic described in Fig. 
3.  This means a new data series is simulated five times in 
each of the experimental conditions and stopped until the 
chart emits a signal to warn that the process is out of control 
and recording false alarms.  Finally, the values of AATS, 
ANOS out of control, and ANFA are calculated as criteria to 
measure the performance of the control chart. 

 
Table 1. 
Parameters of the VP chart to be evaluated 

Sampling interval 
(h1, h2) 

Sample size 
(n1, n2) 

Control limit 
coefficient 

(k1, k2) 
(0.75, 0.1) (1, 5) (3.5, 2.8) 
(1.25, 0.1) (1, 10) (3.5, 2.9) 
(1.9, 0.1) (1, 20) (3.5, 3) 

 (3, 5) (3.5, 3.1) 
 (3, 10) (3.5, 3.2) 
  (3, 20)   

Source: The authors 
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Figure 3. Process of out-of-control detection for Xi processes 
Source: The authors 

 
 

5.5.  Simulation conditions 
 

6.  Results and discussion 
 
The results for AATS, ANOS out of control, and ANFA for 

each autocorrelation coefficient/proportion of the process 
variance due to random mean μi/sampling interval/sample 
size/control coefficient/run length were calculated.  The chart 
performance was evaluated by distinguishing between the 
different run lengths, considering the impact of increments in the 
coefficient of correlation and the different levels of variance. The 
appendix shows the results for different simulation conditions.   

 
6.1.  Short run length δ=0.5σx  

 
The chart’s detection capacity improves as the 

autocorrelation coefficient increases because the AATS and 
ANOS values decrease.  However, the rate of false alarms 
increases with the coefficient of autocorrelation, which is 
consistent with the results of tests conducted by Harris and Ross 
[23], Mastrangelo [2], and Barr [4]. As the proportion of the 
process variance due to random mean μ୧ increases, the AATS 
and ANOS results decrease while the ANFA increases.  
Regarding the VP chart parameters, the results with larger n2 
values (e.g., n2 = 20) and lower k2 values (e.g., k2 = 2.8 and 2.9) 
have the lowest AATS and ANOS.  The highest ANFA values 
were found with lower k2 values (e.g., k2 = 2.8, 2.9, and 3.0). 

 
6.2.  Medium run length δ=1σx  

 
The detection capacity of the chart is not affected by 

increments in the autocorrelation coefficient.  However, the 

rate of false alarms was increased as the autocorrelation 
coefficient increased.  The highest value for the process 
variances due to the random mean μ୧ (e.g., ψ = 0.9) is 
associated with a higher AATS, ANOS, and ANFA. There 
appears to be no difference between ψ = 0.1 and ψ = 0.5. The 
prevalence of the VP chart’s better performance was found 
for (h1, h2) values = (0.75, 0.1), higher n2 values (e.g., n2 = 
20), and lower k2 values (e.g., k2 =2.8, 2.9, 3.0).  The highest 
ANFA values were found for lower k2 values (e.g., k2 = 2.9 
and 3.1) and (n1, n2) = (1, 20). 

 
6.3.  High run length δ=2σx  

 
The detection capacity of average runs of the VP chart 

and the presence of false alarms exhibits a growing trend 
because the autocorrelation coefficient and the process 
variance increase due to the random mean μ୧. The design 
parameters of the VP chart with the best performance in 
AATS and ANOS were (h1, h2) =  (0.75, 0.1) and n1 = 3. Low 
ANOS values were also found [(h1, h2) = (1.25, 0.1) and n1 
= 3].  The highest ANFA values were found for (h1, h2) =  
(1.9, 0.1), n1 = 1 and the lowest k2 values (e.g., k2 = 2.8,  2.9). 

 
6.4.  Very high run length δ=3σx  

 
The detection capacity of the chart was not affected by 

autocorrelation coefficient increments and the proportion of 
the variance due to random mean μ୧; however, the ANFA did 
exhibit increments. The prevalence of better performance of 
the VP chart was found for (h1, h2) values = (0.75, 0.1) and 
n1 = 3, and the same result was found for the high run length 
case. The number of false alarms increased with h1 values = 
0.75 and 1.25, (n1, n2) = (3, 20) and h2 =  2.8 y 3. 

 
6.5.  Impact of the Autocorrelation in the VSI and ഥ࢞ Charts  

 
For short run lengths (e.g., δ = 0.5σx) the VSI control 

chart consistently exhibited better performance levels to 
detect autocorrelation coefficients close to 0.99; however, the 
highest ANFA values were also found. In the xത chart, the 
increments in autocorrelation do not improve performance in 
terms of the AATS and ANOS out of control; however, there 
is a tendency to increase false alarms. Better xത chart 
performances the  are exhibited in low ψ levels.   

With medium, high, and very high run lengths (e.g., δ = 
1σx, 2σx, 3σx), the performance of the VSI chart appears not 
to be affected by increments in the autocorrelation coefficient 
for any of the metrics being studied (AATS, ANOS, and 
ANFA). This phenomenon also occurs in the xത	chart for high 
and very high run lengths (e.g., δ = 2σx, 3σx); however, for a 
value of δ = 1σx, the xത chart improves its performance (AATS 
and ANOS) and increases the ANFA as the autocorrelation 
coefficient increases.  

In the xത chart for the cases with δ = 0.5σx and 3σx, the 
proportion of the variance causes a reduction in performance in 
terms of the ANFA, while it has no effect on the AATS and 
ANOS. In contrast, the VSI chart for the intermediate level of ψ 
exhibits the worst performance.  The best results for all the 
conditions simulated for the VSI chart were obtained with the 
combination of sampling intervals (h1, h2) =  (0.75, 0.1). 
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6.6.  Performance comparison between the VP, VSI and ࢞ഥ charts 
 
To evaluate the statistical performance of the VP chart 

relative to other traditionally proposed schemes in the literature, 
we contrast its performance in terms of the AATS, ANOS out of 
control, and ANFA under different levels of autocorrelation and 
run length (see Table 2).  The results show how the increase in 
the autocorrelation coefficient of the process negatively affects 
the chart performance. However, with an elevated 
autocorrelation level of 0.99, there appears to be no negative 
impact in the performance of the chart, and in the in the case of 
detection of short runs δ = 0.5σx, it appears to improve its power. 

The VP chart consistently exhibits better performance 
compared with traditional VSI and xത schemes. The VP chart 
registers its best performance for large runs using δ = 2σx. In 
general, it is possible to observe the superiority of the 
adaptive schemes over fixed monitoring schemes.  

 
7.  Results and discussion 

 
The VP chart is presented in this article as an alternative 

to monitor processes with autocorrelated data. For that 
purpose, we developed an experiment based on simulation, 
considering different process conditions and control chart 
parameters in order to evaluate their performance. During the 
data monitoring, it was observed that the chart works better 
with larger runs using δ=1σx. In addition, it was demonstrated 
that the VP chart exhibits better performance indicators when 
the data present low autocorrelation (e.g., ρ= 0.2) and a 
higher proportion of the process variance due to the random 
mean μ_i (e.g., ρ= 0.9). 

The VP chart designed for autocorrelated data proved to 
be a statistically good alternative to monitor processes 
showing autocorrelation. The authors suggest new studies 

should be conducted that focus on the design of detection 
policies that enable this type of chart to detect changes in the 
mean more effectively.  

In contrast with the VP and xത	charts, the VSI chart 
exhibited the best performance in terms of the absolute value 
of AATS and ANOS in conditions with elevated correlation 
coefficients for observations with a larger number of 
simulation conditions.. Similarly, the VP chart appears to be 
a better monitoring alternative compared with the traditional 
xത	chart in environments with high autocorrelation levels.   

 
8.  Conclusions 

 
This paper has shown that high levels of autocorrelation 

can have a significant effect on the performance of control 
charts. When autocorrelation is present, traditional control 
chart methodology should not be applied without 
modification. The VP and VSI Charts performed better than 
traditional x charts. The VSI is among these two the 
recommended charts for high correlation. 

For future research, we suggest the use of techniques to 
evaluate the individual impact of each of the factors used to 
determine the best combinations that help optimize statistical 
performance and minimize false alarms. Recent studies have 
showed the effectiveness of combining optimization 
techniques and simulated systems [24]. It is also relevant that 
the study of other data models is still scarce in the literature 
and may provide important research opportunities.   
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Table 2           
AATS, ANOS, and ANFA values for the VP, VSI, and X charts for ψ = 0.5 

Adaptive  
Parameters 

δ = 0.5  δ = 1  δ = 2 
VP VSI X  VP VSI X  VP VSI X 

(h1, h2) (0.75, 0.1) (1.25, 0.1) (1, 1)  (1.25, 0.1) (1.25, 0.1) (1, 1)  (0.75, 0.1) (1.25, 0.1) (1, 1) 
(n1, n2) (3, 20) (5, 5) (5, 5)  (3, 20) (5, 5) (5, 5)  (3, 10) (5, 5) (5, 5) 
(k1, k2) (3.5, 2.8) (3, 3) (3, 3)  (3.5, 3.1) (3, 3) (3, 3)  (3.5, 2.8) (3, 3) (3, 3) 
ϕ AATS AATS AATS  AATS AATS AATS  AATS AATS AATS 

0.2 20.32 44.28 26.45  1.23 0.91 2.90  0.44 0.68 0.35 
0.4 25.57 57.07 29.05  3.71 2.90 5.00  0.54 1.31 0.54 
0.6 30.55 56.69 54.57  6.47 2.86 3.32  0.81 0.62 1.00 
0.8 34.55 37.98 8.19  2.95 5.72 4.38  0.82 0.82 0.69 
0.99 4.36 8.25 14.19  3.84 3.25 2.15  0.91 1.37 1.76 
ϕ ANOS ANOS ANOS  ANOS ANOS ANOS  ANOS ANOS ANOS 

0.2 28.60 41.40 26.20  1.00 0.80 2.40  0.60 0.80 0.00 
0.4 35.80 51.60 28.40  2.80 2.80 4.40  0.60 0.80 0.20 
0.6 41.80 54.80 54.00  5.80 3.00 3.00  1.00 0.20 0.60 
0.8 48.40 35.40 7.80  2.00 6.40 4.00  1.00 0.40 0.00 
0.99 6.20 7.60 13.60  3.00 3.40 1.40  1.00 1.20 1.20 
ϕ ANFA ANFA ANFA  ANFA ANFA ANFA  ANFA ANFA ANFA 

0.2 0.00 0.00 0.00  0.00 0.20 0.00  0.00 0.00 0.40 
0.4 2.40 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00 
0.6 0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00 0.00 
0.8 0.00 0.00 0.00  0.40 0.00 0.00  0.00 0.00 0.00 
0.99 0.00 0.00 1.00  0.00 0.00 0.40  0.00 0.00 0.00 

Source: The Authors 
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Abstract 
A method to data-mine results of an analog circuit sizing in order to extract knowledge that can be immediately used by designers or 
students of analog integrated circuit design is presented. The symbolic models, which have been generated using multi-objective genetic 
programming, are human-interpretable mathematical models. The procedure presented involves two steps: the generation of samples of 
Pareto-optimal performance sizes of two unity gain cells using the NSGA-II genetic algorithm; and the generation of models of each of the 
objectives sized by symbolic regression via genetic programming. The functionality of the method to describe circuits is shown in three 
cases: two current followers and one voltage follower. 
 
Keywords: Symbolic Models, Symbolic Regression, Genetic Programming, White-box models, Multi-objective Optimization, Analog 
Circuit Sizing, Analog Circuit Design. 

 
 

Modelado simbólico del conjunto Óptimo de Pareto de dos celdas de 
ganancia unitaria 

 
Resumen 
En este trabajo es presentado un método para extraer datos acerca de los resultados de un dimensionamiento de circuitos analógicos para 
extraer características que puede ser inmediatamente utilizado por diseñadores o estudiantes de diseño de circuitos integrados analógicos. 
Los modelos simbólicos que han sido generados utilizando Programación Genética Multi-Objetivo son modelos matemáticos humano 
interpretables. El procedimiento presentado abarca dos etapas: la generación de muestras del frente de Pareto de las dimensiones con 
desempeño óptimo de dos celdas de ganancia unitaria mediante el algoritmo genético NSGA-II; y la generación de modelos de cada uno 
de los objetivos del dimensionamiento utilizando regresión simbólica vía programación genética. La funcionalidad del método se muestra 
al describir tres casos: dos seguidores de corriente y un seguidor de voltaje. 
 
Palabras clave: Modelado Simbólico, Regresión Simbólica, Programación Genética, Modelos trasparentes, Optimización Multi-Objetivo, 
Dimensionamiento de circuitos analógicos, Diseño de Circuitos Analógicos. 

 
 
 

1.  Introduction 
 
Analog integrated circuit (IC) design using Metal Oxide 

Semiconductor Field-Effect-Transistors (MOSFETs) 
imposes challenges in sizing and selecting the right circuit 
topology, because of the huge plethora of feasible active 
devices [1-4]. The sizing problem is about finding the 
optimal width and length (W, L) values of the MOSFETs, to 
guarantee optimal performance of active filters, oscillators, 
                                                      
How to cite: Polanco-Martagón, S., Ruiz-Ascencio, J. and Duarte-Villaseñor, M.A.., Symbolic modeling of the Pareto-Optimal sets of two unity gain cells. DYNA 83(197), pp. 129-138, 2016. 

sensors and so on [5-8]. The problem of choosing the right 
circuit topology is known as circuit synthesis [2,3,9] and it is 
accompanied by a sizing procedure. The selected topology 
must accomplish a specific function where optimal behavior 
is achieved through the appropriate sizing (W, L) of 
MOSFETs. Thus, sizing is the main problem encountered 
when trying to meet target requirements, such as wider 
bandwidth, lower power consumption and gain, all at the 
same time. However, some of these objectives are in conflict 
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with each other, thus, a multi-objective optimization is 
required [10]. The sizing problem for analog integrated 
Circuit is more complex than for digital IC due to the very 
large quantity of performance parameters, and the complex 
correlation between them. 

The basic cells for designing analog ICs are known as 
Unity Gain Cells (UGC) [9]: Voltage Follower (VF), Current 
Follower (CF), Voltage Mirror (VM) and Current Mirror 
(CM). Among these basic cells VFs and CFs have had much 
interest in the recent technical literature because of their use, 
as an alternative to other more complex building blocks in the 
design of analog circuits such as: universal biquad filters, 
sinusoidal oscillators, impedance converters, precision 
rectifiers, chaotic oscillators, and so on [5-8,11]. 

The selection of optimal sizes of MOSFETs is a key 
factor in achieving higher analog IC performance. Therefore, 
the understanding of circuits that a designer could have is the 
main ingredient for improving those circuits and thus the 
circuit design will be more effective. However, the highly 
nonlinear behavior and complexity of analog IC makes it 
difficult to obtain insight in a method.  

Data-driven modeling (DDM) can help to create models 
that capture the behavior of analog ICs and also to increase a 
designer’s knowledge of analog ICs. However, the models 
created using some DDM techniques do not show the 
functional relationships between input and output 
parameters. 

Human-interpretable mathematical models can be 
deployed to capture the optimal performance behavior and to 
find the MOSFET sizes behind it. Symbolic analysis and 
symbolic modeling can be used to derive human-
interpretable mathematical models of analog IC behavior. 
Symbolic analysis of analog ICs addresses the generation of 
symbolic expressions for the parameters that describe the 
performance of linear and nonlinear circuits [11]. Thus, 
symbolic analysis is a systematic approach to obtaining an 
understanding of analog blocks in an analytic form. Symbolic 
analysis techniques offer a complementary way to analyze 
analog ICs. The results of symbolic analysis are 
mathematical forms that explicitly describe the functionality 
of the circuit as a symbolic expression of the design variables. 
Designers use them to gain insight into the behavior of the 
circuit. However, their main weaknesses are: 1) limited to 
linear or weak nonlinear circuits; 2) large and complex 
models; 3) require a great deal of experience from the analog 
IC design expert [11]. 

Symbolic modeling has similar goals to symbolic 
analysis, but a different core approach to solving the problem. 
Symbolic modeling or symbolic regression is defined as the 
use of simulation data to generate interpretable mathematical 
expressions for circuit applications [12]. It extracts 
mathematical expressions from SPICE simulation data by 
means of genetic programming (GP). Since SPICE 
simulations readily handle nonlinear circuits [13], its 
simulation results may be leveraged for design purposes by 
means of symbolic modeling. 

Other methods of DDM use a data set obtained from a 
statistical sampling of the global behavior of the analog IC 
[12,13]. These models are used instead of the circuit 
simulator in different stages of analog design. However, due 
to their global nature they do not answer questions such as: 

What are the relevant factors in the optimal gain? What are 
the relevant factors in the optimal bandwidth? How do the 
trade-offs affect these factors? Answering these kinds of 
questions is of utmost importance so as to enrich the 
experience of an analog circuit designer. 

A promising approach to explore these trade-offs is the 
use of the Pareto front of optimally sized solutions of analog 
IC [14]. The Pareto optimal greatly reduces the design space, 
keeping the best configurations of the circuit and the best 
trade-offs possible among the multiple objectives employed. 
Thus, the Pareto front provides answers to the questions 
posed above. 

The objective of this paper is to show a two-step 
methodology for the extraction of human-interpretable 
mathematical models of the feasible solutions of two Unity 
Gain Cells: a Voltage Follower and a Current Follower. The 
first step (section II), the optimal selection of design variables 
to maximize design objectives is formulated as a multi-
objective optimization problem. The second step, Genetic 
Programming (GP) is used to create human-interpretable 
models starting from the feasible solution sets obtained from 
the first step. In Section III a brief introduction to the 
Symbolic Regression by Genetic Programming theory, and 
the general scheme of the MultiGene Genetic Programming 
(MGGP) method used for this work is given. In Section IV 
the details of the methodology proposed are presented. The 
experimental results of the methodology proposed to obtain 
symbolic models of two UGCs are presented in Section V. A 
brief discussion of the results is provided in Section VI. 
Finally, in Section VII the conclusions are presented. 

 
2.  Background 

 
Data-driven models are built using observed and captured 

properties of a system, exhibited under different conditions 
or over time, and expressed in numerical form. The task of 
empirical modeling, or data modeling, lies in using a limited 
number of observations of system variables (data) to infer 
relationships among these variables. 

The task of modeling is to identify input variables driving 
the response variables and formulate the exact relationship in 
the form of an accurate model. Fig. 1 depicts a schematic 
view of the general process of data-driven modeling. A 
system model is the system under study; it can be a real or 
simulated process. In Fig. 1Figure 1 ሺݔଵ, … ,  ௗሻ is a set ofݔ
input variables, ሺݕଵ, … ,  ௥ሻ is a set of response variables, andݕ
DDM is a collection of relationships that model the observed 
responses: ሺݕଵ, … , ఫෝݕ൛	௥ሻ:ݕ ൌ 	 መ݂ሺݔଵ, … , ,ௗሻݔ ݆ ൌ 1:  .ൟݎ

The models obtained through the use of data-driven 
techniques can be classified according to their transparency; 
i.e., their ease in transmitting relationships between input and 
output variables. The first category, “black box” models, 
corresponds to those techniques from which information 
about relationships between inputs and outputs cannot easily 
be obtained. Some of the drawbacks of black-box models are: 
1) lack of significant variables determination, 2) difficult to 
invert, 3) fundamental structure difficult to interpret, 4) lack 
of adaptability to new changes and 5) difficulty of 
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Figure 1. General Data-Driven Modeling process. 
Source: Authors’ own. 

 
 

incorporating expert knowledge. This makes it impossible to 
answer simple questions about the underlying system, e.g.: 
What are the ranges of input variables that cause a response 
to take certain values, and not necessarily the optimal values? 
Some black-box model techniques include Neural Networks 
[15-18], support vector machines [19], and kriging [20]. To 
gain insight into an implicit black-box model, and facilitate 
its interpretation and manipulation, it is possible to create 
explicit models from the black-box inputs and outputs 
parameters. This process is called meta-modeling. 

The second category is “gray-box” models; these 
correspond to those techniques where some insight into the 
relations between input and output variables can be extracted 
from the model obtained. Gray box modeling techniques 
include latent variable regression [21] and nonlinear 
sensitivity analysis [22]. The most important criteria for these 
modeling techniques are prediction ability, model building 
time, scalability, and model simulation time. 

However, in contrast to the prediction error minimization 
method, the problem of knowledge extraction aims to obtain 
insight from a data set regardless of the complexity of the 
model obtained. Ideally, a functional relationship of some 
variables to other variables is sought. The third category is 
"white-box" model or "glass-box model", this technique can 
provide insight into relationships between input-output 
variables. This category includes Symbolic Regression via 
Genetic Programming (SRGP) which is a technique to 
automatically generate symbolic models that provide 
functional relations from given data [23]. As a consequence, 
SRGP has been successfully used for extracting white box 
models from samples of the full design space of an analog IC 
[13,24,25]. 

 
3.  Symbolic regression by genetic programming 

 
Genetic Programming is a bio-inspired method used in 

the field of machine learning [26]. An introduction and 
review of the GP literature is provided by [27]. The main 
difference between Genetic Algorithms (GA) and GP is the 
representation of individuals. In the GA individuals are 
expressed as linear strings of fixed length (chromosome) 
through all evolution steps; whereas in GP, individuals are 
expressed as nonlinear objects with different sizes and 
shapes, normally these nonlinear objects are expression trees. 
Thus, motivated by the evolutionary process observed in 
nature, computer programs are evolved to solve a given task. 
This process is done by randomly generating an initial 

population of trees and then, by using operations such as 
crossover and mutation, a new population of offspring is 
created [26]. A new parent population is selected from the 
initial and offspring populations, based on how good these 
trees perform for the given task. The best offspring resulting 
from this process is the solution of the problem. GP is 
implemented as per the following five steps: 
1) Generate an initial population of individuals formed 

as expression trees, consisting of the functions 
(arithmetic,  basic mathematical and Boolean 
functions) and terminals (constants and inputs 
variables) of the problem. 

2) The fitness of each individual in a population is 
measured through a criterion such as the mean squared 
error. 

3) Likewise, the complexity of the individual is measured 
through a criterion such as the sum of all nodes in the 
tree. 

4) Better parents are usually selected through a tournament 
involving comparison of two parents at a time and 
thereafter, short listing the winner for further 
competition with the hope that it has a better chance of 
producing better offspring. The concept of what is 
"best" may be multi-objective, this means that there are 
two or more criteria used for selecting "good 
individuals" for further propagation. Often these criteria 
are prediction error and model complexity. 

5) New offspring are generated by changing the parents 
through three genetic operations: reproduction, 
crossover and mutation. After finishing the first cycle 
of the five steps listed, steps 2 to 5 are iterated. After 
some condition is reached, the evolutionary process is 
stopped. This gives rise to a set of solutions ranging 
from less complex individuals but with high error, to 
those highly complex individuals that have minimum 
error. 

When GP is used to create empirical mathematical 
models of data acquired from a process or system, it is 
commonly referred to as symbolic regression [28]. SRGP is 
an iterative search technique, that looks for appropriate 
expressions of the response variable in a space of all valid 
formulae containing some of the given input variables and 
some predefined functional operators, like summation, 
multiplication, division, exponentiation, sine, and so on. 

The task of symbolic regression can be stated as follows. 
Given a set of ሼݔሺݐሻ, ,ሻሽݐሺݕ ݐ ൌ 1,… ,ܰ; where ݔሺݐሻ	 is a 
݀ െdimensional input ݕ ,ݐሺݐሻ is a corresponding output 
value, ܲ is a set of user-specified functions, ܨ is the universe 
of all mathematical expressions formed from ܲ, the task of 
symbolic regression is to determine a function ݂ ∈  which ,ܨ
provides a small prediction error. The resulting function ݂ is 
later used to predict the output for a new given input. The 
quality of ݂ is determined by how well it maps the given 
inputs to their corresponding outputs. An advantage of 
symbolic regression in contrast to classical regression 
analysis, is that GP automatically evolves the structure and 
the parameters of the mathematical model. 

In contrast to the classical GP, in MultiGene Genetic 
Programming (MGGP) each symbolic model (expression 
tree) in the GP population is made from several trees instead 
of one [28,29]. All of the genes have specific optimal weights 
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and the summation of the weighted genes plus a bias term 
form the final formula. The mathematical form of the 
multigene representation is shown in (1) [28]. 

 

ݕ ൌ෍݀௜ܩ௜ ൅ ݀଴

௡

௜ୀଵ

 (1) 

 
Where ݕ is the predicted output, ܩ௜  is the value of 

the ݅ െ  gene and is a function of one or more of the input ݄ݐ
variables, ௝݀  is the ݅ െ  weighting coefficient, ݊ is the ݄ݐ
number of genes and ݀଴ is a set term. For example, a 
multigene model that predicts an output variable ሺݕሻ using 
input variables ݔଵ and ݔଶ is shown in Fig. 2. 

The software GPTIPS [29] is used in the current study to 
perform MGGP, which produces the symbolic modeling of 
the optimal sizes W and L of a VF and a CF whose data sets 
are collected in Section 5. GPTIPS is a SRGP code which 
was written based on Multigene Symbolic Regression to be 
used with MATLAB®. This software has the ability of 
avoiding most bloat problems by imposing restrictions on the 
maximum value of parameters such as the maximum number 
of genes, the maximum depth of trees and genes, the 
maximum number of nodes per tree, and so on. 

 
4.  Methodology 

 
The methodology used is comprised of two steps: Pareto 

Front Generation and obtaining the white box model by using 
MGGP. 

 
4.1.  Pareto front generation 

 
The basic cells for designing analog integrated circuits are 

several, such as OPAMP, OTA, CC, and so on; but [9] 
highlights the UGCs: VF, CF, VM and CM. The 
interconnection of UGCs generates more complex ICs, such 
as the Current Feedback Operational Amplifier (CFOA). 
These kinds of ICs have been sized with different 
optimization methodologies such as the Evolutionary 
Algorithms [9,10,30,31], with the aim of generating optimal 
behavior through the evaluation of multiple objectives [32-
34] (performance parameters). Evolutionary Algorithms 
generate populations of feasible solutions, which 
approximate the Optimal Pareto set [35]. However, in the 
optimization of analog ICs, much of the time the best 
solutions include extreme performance requirements such as 
ultra-low power, low voltage and high frequency. Therefore, 

 

 
 
Figure 2. Example of a MultiGene Symbolic Model. 
Source: Authors’ own. 

 
Figure 3. Step 1: UGC sizing optimization for Pareto Front Generation. 
Source: Authors’ own. 

 
 

the set of optimal solutions is located in some region of the 
periphery of the feasible solutions. 

Multi-objective optimization is a convenient tool to 
exploit the feasible and optimal solutions in situations where 
two or more objectives are in conflict and have to be 
maximized or minimized at the same time. Thus, the first step 
of the methodology is to identify the optimal I, W and L sizes 
of two UCGs, a VF and a CF, maximizing the unity gain and 
bandwidth of such circuits. This is carried out using the 
process depicted in Fig. 3 [14]. 

The optimization stage is performed by applying the 
NSGA- II algorithm [14, 32, 36, 37], to minimize a problem 
of the form: 

 
minimize	݂ሺݔሻ ൌ ሾ ଵ݂ሺݔሻ, ଶ݂ሺݔሻ, … , ௠݂ሺݔሻሿ்

subject	to	݄௞ሺݔሻ ൒ 0, ݇ ൌ ,݌…1
 (2) 

 
where function ݂ :Թ௡ → Թ௠,ܺ ൌ ሾݔଵ,… ,  ௡ሿ் is theݔ

decision vector and ݊ is the number of variables; ݔ ∈ ܺ,  
where ܺ	 ⊂ 	Թ௡  is the decision space for the variables. 

All objective functions ௝݂ሺݔሻ:	Թ௡ → Թ, ݆ ൌ
1…݉ሺ݉ ൒ 2ሻ and ݄௞ሺݔሻ, ݇ ൌ  are performance ݌…1
constraints. Very often, since the objectives in (2) contradict 
each other, no point ݔ ∈ ܺ minimizes the objectives 
simultaneously. The best trade-offs among the objectives can be 
defined in terms of the Pareto optimal [36,37]. 

The NSGA-II Algorithm is based on Pareto ranking. 
Firstly, two populations ଴ܲ	and	ܳ଴ are generated, each one 
of size ܰ. The NSGA-II procedure in each generation 
consists of rebuilding the current ሺݐሻ population ሺܴ௧ሻ from 
the two original population fronts [36]. In the next step, new 
offspring ሺ ௧ܲାଵሻ are created from the current population ܴ ௧  
(previously ranked and ordered by sub-front number), in 
order to choose from a population of size 2ܰ,ܰ solutions 
belonging to the first sub-front. In addition, the last sub-
front could be greater than necessary, and the measure  
ሺ݅ௗ௜௦௧௔௡௖௘ሻ is used to preserve diversity by the selection 
of the solutions that are far from the rest [38]. To build 
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new generations, we use multi-point crossover and single 
point mutation as genetic operators. The optimization loop 
is iteratively applied until some stopping criterion is met, 
e.g., a certain number of iterations are executed or a 
sufficient convergence to the Pareto front with appropriate 
diversity is achieved [37,39]. 

In this case, each variable ݔ represents the Width (W) or Length 
(L) of the MOSFETs, or the bias current (I). Those values are 
integer-multiples of a minimum value allowed by the fabrication 
process. The objectives ൫ ௝݂൯ are the circuit performances which are 
unity gain and high bandwidth, that are extracted from the output of 
the SPICE simulation. The output of the first step is a set of points 
of the Pareto front, as is shown in Fig. 3. 

 
4.2.  White box model generation 

 
A set of samples of the Pareto front can provide information 

to answer questions on feasibility and performance trends. The 
proposed approach includes a second step: white box model 
generation. For this paper the models are of gain and bandwidth 
performances of the sizes W and L of the UGCs. These are 
obtained by using symbolic modeling through MGGP. Fig. 4 
depicts the process of construction of the white box models of 
feasible performance solutions of the UGCs. 

The aim of symbolic modeling is to use simulation data 
to generate interpretable mathematical expressions that relate 
the circuit performances to the design variables [13]. Thus, 
those mathematical expressions replace complex systems 
whose performance evaluation is computationally expensive. 
Moreover, the symbolic models obtained can provide insight 
into the underlying system, unlike other modeling methods 
like kriging, neural networks or support vector machines. 

Generating a white box model by symbolic regression 
usually involves three steps: 
1) Design of experiments. It encompasses the selection of 

sample vectors to build the model. A wide variety of 
techniques are available, ranging from the classical 
Monte Carlo sampling, to latin hypercube sampling 
[40]. Basically, it tries to achieve a more uniform 
coverage of the search space with the minimum number 
of samples. 

 

Figure 4. Step 2: White box model generation. 
Source: Authors’ own.

 

2) Accurate evaluation. SPICE simulations are used to 
evaluate the performances for the sample circuits 
selected in step 1. This is the most computationally 
expensive step. 

3) Model construction. This part concerns building the 
symbolic model using the data sets obtained in step 2. 
For the model to be easily understood, low complexity 
is essential. 

Experimental design is not used in step 2. The sample 
vectors to build the symbolic model correspond to the 
samples of the Pareto front obtained in step 1 (Fig 3). In this 
case, the Pareto optimal front has relatively few samples 
representing the best configurations in the design space. 
Multi-objective optimization algorithms use different 
strategies to ensure a good convergence to the ideal Pareto 
front and a good diversity of solutions within that front; e.g., 
ranking of solutions and maximization of the crowding 
distance of non-dominated solutions are used in NSGA-II 
[36]. Therefore, Multi-objective algorithms play the role of 
experimental design, i.e. the NSGA-II algorithm gets the 
sampling set to perform the white box modeling instead of 
using statistical sampling. 

 
5. Experiments and Results 

 
The optimization system has been programmed in 

standard C, and evolves the Widths (W), Lengths (L) and 
current bias (I) for each transistor of the UGC. Results are 
provided by TopSPICE as a listing of output data and are 
used for evaluating the individuals. The UGCs are coded 
using eight design variables for the VF and two or three for 
the CF, as can be seen in Table 1 and Table 2 respectively. 
For illustrative purposes, two conflicting objectives are 
shown in Fig. 4; but any number of objectives may be used. 
The UGCs used are shown in Fig. 5. 

To perform symbolic modeling using GPTIPS, the 
parameters shown in Table 3 are used. Parameter settings 
play a major role in implementing the MGGP efficiently. The 
majority of parameters were selected based on the most 
frequently cited values in the literature [2,3,9,29,31]. The 
function set may include a broad selection of primitives so as  

 
Table 1.  
Coding of the VF of Figure 5(b). 

Gene Variable Transistor 
…,ଵܯ ܫ ଵݔ  ଵ଴ܯ,
…,ଵܯ ܮ ଶݔ  ଵ଴ܯ,
 ଶܯ,ଵܯ ଷ ଵܹݔ
 ସܯ,ଷܯ ସ ଶܹݔ
 ଽܯ,ହܯ ହ ଷܹݔ
 ଵ଴ܯ,଺ܯ ଺ ସܹݔ
 ଻ܯ ଻ ହܹݔ
 ଼ܯ ଺ܹ ଼ݔ

Source: Authors’ own. 
 
 

Table 2.  
Coding of the CF of Figure 5(a) 
Gene Variable CF 2var CF 3Var 
…,ଵܯ ଵ ଵܹݔ …,ଵܯ ଼ܯ,  ଼ܯ,
,௕ଵܯ ଶ ଶܹݔ … ,௕ଵܯ ௕଼ܯ, …  ௕଼ܯ,

…,ଵܯ − ܮ ଷݔ ,௕ଵܯ ,଼ܯ, …  ௕଼ܯ,

Source: Authors’ own. 
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Figure 5. UGC circuits under test. 
Source: Authors’ own. 

 
 

Table 3. 
Paremeter settings for GPTips. 

Parameters Values Assigned 
Runs 10 

Population size 500 
Number of Generations 500 

Tournament size 4 
Max depth 10 
Max Genes 8 

Function set (P) 
+.-.* 

൅,െ,∗, ,ଶݐ ,ݐ ,ሻݐሺ݌ݔ݁  ݐ݃݋݈
൅,െ,∗, ,ଶݐ ,ݐ ,ሻݐሺ݌ݔ݁ ,ݐ݃݋݈ tanhݐ, ,ݐ݊݅ݏ  ݐݏ݋ܿ

Terminal set (T) ݔଵ. ,ଶݔ ሾെ10,10ሿ 
,ଵݔ  ,ଶݔ ,ଷݔ ሾെ10,10ሿ 
,ଵݔ  ,ଶݔ ,ଷݔ ,ସݔ ,ହݔ ,଺ݔ ሾെ10,10ሿ 

Crossover probability 0.6,0.75,0.85 
Mutation probability 0.01,0.05,0.1 
Direct reproduction 0.05 

Source: Authors’ own. 
 
 

to evolve a variety of nonlinear models. Of the three functional 
sets in Table 3, it chooses the smallest. Although the larger sets 
give slightly more accurate models, their complexity makes 
them too obscure for practical use. The values of population 
size and number of generations depend on the complexity of the 
data. In addition, the number of genes and the maximum depth 
of a gene influences the size and the number of models to be 
searched for in the global space. 

The evaluation criteria for symbolic models are model 
precision and model complexity. Model precision is the 
adjustment for training and test data, using the Root Mean 
Square Error (RMSE) as an adjustment measure, as in (3), 
where ݅ܩ is the value of the ݅  data sample predicted by the ݄ݐ
symbolic model, ݅ܣ is the actual value of the ݄݅ݐ data 
sample and ܰ is the number of training samples. Model 
complexity was evaluated as the sum of all nodes in the 
genes. Using this method we selected symbolic models 
that were sufficiently accurate and highly interpretable. 

 

ܧܵܯܴ ൌ 	ඨ
∑ ሺܩ௜ െ ௜ሻଶேܣ
௜ୀଵ

ܰ
 (3) 

 
5.1.  Current Follower 

 
The first example of using this methodology is the 

modeling of the Pareto Optimal Front (POF) of a CF shown 
in Fig. 5(a). It has L fixed at 0.7μ݉, so there are only two 
variables to model, ଵܹ and ଶܹ; MOSFET ܰ and ܲ, 
respectively. These feasible solutions are depicted in Fig 6. 

 
Figure 6. Feasible solutions of the CF of Figure 5(a), fixing MOSFETs 
Length. 
Source: Authors’ own. 

 
 

 
Figure 7. Preducted gain and Real gain for the CF of Figure 5(a), fixing the 
MOSFETs' Length. 
Source: Authors’ own. 

 
 
ܽܩ ൌ 	െ	ሺ2.664 ⋅ 10ି଻ሻ	ݔଵ

ଷ,ݔଶ 
െ	ሺ1.438 ⋅ 10ି଺ሻ	ݔଵଶ,ݔଶ ൅  ଵଶݔ0.0001055	
൅	ሺ5.074 ⋅ 10ିହሻݔଵݔଶ 	െ  ଵݔ0.0021	
െ	ሺ4.685 ⋅ 10ି଺ሻݔଶ

ଶ ൅	ሺ7.389 ⋅ 10ିହሻݔଶ
൅ 	0.9928 

(4) 

 
Once the feasible solutions are obtained, each 

performance parameter is modeled separately using the 
MGGP method, as described in Section IV. The symbolic 
model obtained for the unitary gain of the CF of Fig. 5(a) is 
shown in (4), where ݔଵ ൌ ଵܹ and ݔଶ ൌ ଶܹ. Its 
approximation behavior is depicted in Fig. 7 where the 
predicted gain is the value obtained from the symbolic model 
(4) using the test data; its RMSE is 8.6274݁ି଴ହ. 

The symbolic model obtained for the bandwidth of the 
feasible solutions for the CF (Fig. 5(a)) is shown in (5).  

Figure 8 shows the results of the symbolic model and the 
SPICE simulation using test data. 

 
ݓܤ ൌ ଵݔ3240.0

ହ െ ଵݔ95333.0	
ସ ൅	ሺ1.061 ⋅ 10଺ሻ	ݔଵ

ଷ

൅	ሺ	െ	5.176	ݔଶ
ଷ െ ଶݔ	697.6	

െ 	5.774 ⋅ 10଺ሻ	ݔଵ
ଶ

൅	൫ሺ1.63 ⋅ 10ହሻ	ݔଶ
െ ଶݔ	2.588	

ଷ,ሺݔଶ െ 	13.12ሻ
െ ଶݔ	348.8	

ଶ ൅ 	1.558 ⋅ 10଻൯ݔଵ
൅	ሺ23277.0	ݔଶ

ଶ

െ	ሺ1.494 ⋅ 10଺ሻ	ݔଶ ൅ 	2.228
⋅ 10଻ሻ 

(5) 

 
The second example is the modeling of the POF of the same 

CF, but in this case, one variable was added to the optimization 
process. The modeling variables are ݔଵ ൌ ,ܮ ଶݔ ൌ ଵܹ andݔଷ ൌ
ଶܹ ܮ .  can take values of 0.4	݉ߤ, ,݉ߤ	0.7 ,݉ߤ	1   ݉ߤ	1.05
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Figure 8. Predicted BW and Real BW for the CF of Figure 5(a), fixing the 
MOSFETs' Length. 
Source: Authors’ own. 

 
 

 
 
Figure 9. Pareto front of the CF of Figure 5(a). 
Source: Authors’ own. 

 
 
and 1.4݉ߤ. The feasible solutions are depicted in Fig. 9. 

The feasible solutions from Fig. 6 are part of this set. 
Following the steps in Section IV, feasible design parameter 

solutions for the CF (Fig. 5(a)) are first obtained, and then each 
performance parameter of the optimization process is modeled 
with GPTIPS. These produce symbolic models of the gain and 
CF bandwidth. The symbolic model obtained for the current 
follower bandwidth is expression (6). The approximation 
behavior is depicted in Fig. 10; the predicted gain is the value 
obtained from the symbolic model (6) and the actual gain is the 
value obtained from the test data (SPICE). The symbolic 
model obtained for the bandwidth of the feasible solutions for 
the CF is shown in (7). Fig. 11 shows the behavior of the 
obtained symbolic model (7) versus the real data obtained 
using the test data (SPICE). 

 
ܽܩ ൌ 	െ	0.004957ݔଵ

ହ ൅ ଵݔ0.1235	
ଷ

൅	ሺെ0.001047ݔଶ
ଶ െ 0.3462ሻݔଵଶ

൅ ሺ0.001047ݔଶ
ଶ ൅ ଶݔ0.005884

െ ଷݔ0.001047 ൅ 0.3535ሻݔଵ
൅ ሺ0.00132ݔଷ െ ଶݔ0.00736
൅ 0.866ሻ 

(6) 

 

 
Figure 10. Predicted Gain and Real  Gain for the CF of Figure 5(a). 
Source: Authors’ own. 

 

ݓܤ ൌ ሺ4.6 ⋅ 10଻ሻݔଵ ൅	ሺ4.325 ⋅ 10଻ሻݔଶ
െ	ሺ8.329 ⋅ 10଺ሻݔଷ
൅	ሺ2.606 ⋅ 10ହሻݔଵݔଶ
െ	ሺ2.606 ⋅ 10ହሻݔଶ	ሺݔଶ െ ଵݔ1.828	

ଶሻ
െ	ሺ1.007 ⋅ 10଻ሻݔଵ	ሺݔଵଷ ൅ ଵݔ2	
െ	ݔଷሻ െ	ሺ4.45 ⋅ 10଻ሻݔଵ

ଷ

൅	ሺ2.606 ⋅ 10ହሻݔଵ	ሺ6.68ݔଷ
െ 	30.39ሻ
െ	ሺ2.606 ⋅ 10ହሻݔଵ

ଶݔଶ, ሺݔଵ െ 	9.1ሻ
൅	ሺ2.797 ⋅ 10଺ሻݔଵ	ሺݔଵ
െ 	1.835ሻ	ሺ16.63ݔଶ െ ଵݔ33.26	
൅ 	134.4ሻ
൅ 	352.6	ሺݔଵ
െ	ሺݔଵ െ 	9.1ሻ	ሺݔଵ ൅	ݔଶ
െ 	7.265ሻሻ	ሺݔଶ

ଶ െ 	9.286, ଶݔଵݔ
൅ ଵݔሺ16.22	ଵሻݔ2	 ൅ ଶݔ3.963	
െ 	60.39ሻ	ሺݔଵ ൅	ݔଵ	ݔଶ ൅	ݔଵ

ଶݔଷ
െ 	9.1ሻ ൅ 	2.672 ⋅ 10଼ 

(7) 

 
5.2.  Voltage Follower 

 
Finally, the proposed methodology is applied for 

modeling the Pareto optimal front of a VF, shown in Fig. 
5(b). This VF has eight variables to encode, as seen in Table 
1. The Pareto optimal front to be modeled is depicted in Fig. 
12. The symbolic models obtained for gain and bandwidth 
are presented in (8) and (9). 

The behavior of the Gain symbolic model (8) and the 
SPICE simulation result (Actual Gain) are shown in Fig. 13. 
It can be observed that MGGP is capable of approximating 
the behavior of actual gain solutions; its RSME is 4.915݁ିସ. 
The symbolic model obtained by using the MGGP method is 
shown in (8). As can be seen, the model is highly 
interpretable given that it is formed only by additions and 
subtractions of polynomials. Likewise, the BW symbolic 
model obtained is shown in (9).  Fig. 14 shows the behavior 

 

 
Figure 11. Predicted BW and Real (actual) BW for the CF of Figure 5(a). 
Source: Authors’ own. 

 
 

 
Figure 12. Pareto front of the VF of Figure 5(b). 
Source: Authors’ own. 
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Figure 13. Model behavior versus simulate behavior of Gain. 
Source: Authors’ own. 

 
 

 
Figure 14. Model behavior versus Simulate behavior of BW. 
Source: Authors’ own. 

 
 

of the symbolic model for the bandwidth and the behavior of 
the actual (SPICE simulated) bandwidth. 
 

ܽܩ ൌ ሺ1.487 ⋅ 10ିହሻݔଶ
ଵଷ ൅	ሺ1.351 ⋅ 10ି଼ሻݔଶ

ସ

െ	ሺ1.351 ⋅ 10ି଼ሻ	ݔଶ
ଶݔଷ

െ 	0.03551, ଶݔ
ଶ ൅ ଶݔ0.08916	

െ	ሺ1.351 ⋅ 10ି଼ሻ	ݔଷ
ଶ

൅	ሺ1.474 ⋅ 10ିହሻݔଷ
െ	ሺ4.053 ⋅ 10ି଼ሻݔଵ
൅	ሺ2.702 ⋅ 10ି଼ሻݔସ ൅ 	0.9329 

(8) 

 
ݓܤ ൌ ሺ3.44 ⋅ 10ହሻݔଵ െ	ሺ6.336 ⋅ 10଻ሻݔଶ

െ ଷݔ68155.0	 െ ସݔ32300.0	
െ ହݔ21533.0	 െ 	10777.0, ଺ݔ
൅	ሺ1.571 ⋅ 10଻ሻݔଶ

ଶ

൅ ଶݔ10.68	
ସݔଷ	ሺ	െ	1ݔଵݔଶ

ଶ െ	ݔଵ
൅	ݔଷ ൅	ݔସ ൅	ݔହሻ ൅ 	8.878 ⋅ 10଻ 

(9) 

 
6. Discussion of Results 

 
The symbolic regression process provides an abundant 

population of different types of symbolic models with 
different values in RMSE and complexity. Some having a 
smaller error, have complexities exceeding the hundreds of 
nodes, making them uninterpretable. In addition to the above, 
enlarging the functional set drastically increases the 
complexity of the symbolic models obtained. For that reason, 
the functional set is limited to only three functions: addition, 
subtraction and multiplication. In Section 5 symbolic models 
and their behavior against SPICE simulated data are shown. 
As mentioned above, symbolic models that are highly 
interpretable by human beings and can be of practical use are 
selected. 

Given the quantity of individuals that form the population 
of symbolic models and the complexity and adjustment of 
each one, this work focused on those models that dominate 
others for the selection of symbolic models. In other words, 
individuals in the knee of the Pareto Front of models are 
selected; this guarantees that selected models are highly 
interpretable and have a good adjustment. 

As is well known, the Pareto-domination based selection 

of the NSGA-II algorithm succeeds at driving the whole 
population towards the Pareto optimal set or Pareto Front. 
However, it has no direct control over the evolution of each 
individual in the population and thus it has no good 
mechanism to control the distribution over the PF. That is 
why repetition is recommended to ensure the location of the 
real Pareto front. Moreover, the NSGA-II groups individuals 
from different regions of the design space in the Pareto front. 
The interpolation of antecedents of two neighbors of the 
Pareto front may not necessarily be valid. 

 
7.  Conclusions 

 
This paper has presented a procedure to data-mine the 

results of a circuit sizing to extract domain knowledge that 
can be immediately used by IC experts. Thus, the knowledge 
can be distributed to designers or students, without the need 
for more synthesis, since the symbolic models, which have 
been generated using MGGP, are human-interpretable 
mathematical models. 

The procedure presented involves two steps: the 
generation of samples of the Pareto-optimal performance 
sizes of a UGC using the MOGA and the generation of white 
box models of each of the objectives of this Pareto Front. 

The symbolic models are formed by additions and 
subtractions of polynomials; thus, their form is highly 
interpretable. Nevertheless, these are very hard to invert, so 
it is necessary to go back to the antecedent simulations. 

For values between two or more simulation points, 
interpolation does not always make sense. This is because the 
antecedent points come from distant regions in the design 
space. It is important to highlight that in this work, less 
complex symbolic models were selected despite having a less 
precise adjustment. Thus, selecting complex models that are 
obscure as a neural network is avoided. 
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Abstract 
Thermodynamic adsorption properties (differential enthalpy and entropy, spreading pressure and net integral enthalpy and entropy) of 
cassava flour were determined at 25, 30 and 35°C to provide information about the water and energy requirements for the sorption process. 
The Guggenheim–Anderson–de Boer (GAB), Peleg and Halsey models were found to adequately describe the sorption characteristics, 
however the Peleg model provided the best fit. The enthalpy and entropy differentials decreased with increased equilibrium moisture 
content. The spreading pressure increased with increased water activity but decreased with increased temperature. The net integral enthalpy 
decreased with increased moisture content, with an asymptotic tendency to 0.2920 kJ/mol for a moisture content of 33.4% (d.m). In contrast, 
the net integral entropy values were negative and increased up to 0.1687 kJ/mol for a moisture content of 29.2% (d.m).   
 
Keywords: adsorption isotherms; mathematical sorption models; thermodynamic sorption properties. 

 
 

Propiedades termodinámicas de humedad de sorción en harina de yuca 
 

Resumen 
Se determinaron propiedades termodinámicas de adsorción (entalpía y entropía diferencial, presión de superficie, entalpía y entropía 
integral neta) en harina de yuca a 25, 30 y 35°C, para proporcionar información sobre requerimientos de agua y de energía en el proceso 
de sorción.  Los modelos de GAB, Peleg y Halsey fueron los que mejor describieron las características de sorción, siendo el de Peleg el de 
mejor ajuste. Los diferenciales de entalpia y entropía disminuyeron con el incremento del contenido de humedad de equilibrio. La presión 
de superficie se incrementó con el aumento de la actividad de agua pero disminuyó con el incremento de temperatura. La entalpia integral 
neta decreció con el aumento de la humedad con una tendencia asintótica hasta 0.2920 kJ/mol para una humedad de 33.4 % (b.s); mientras 
que los valores de la entropía integral neta fueron negativos y se incrementaron hasta 0.1687 kJ/mol para una humedad de 29.2 % (b.s). 
 
Palabras clave: isotermas de adsorción; modelos matemáticos de sorción; propiedades termodinámicas de sorción. 

 
 
 

1.  Introduction 
 
Cassava (Manihot esculenta, Crantz) is a root rich in 

carbohydrates that is frequently consumed in tropical 
countries. It is processed in many ways for consumption by 
humans or animals [1]. In its fresh state, it is composed of 
approximately 35% carbohydrates, 62% water, 1-2% protein, 
0.3% fat, 1-2% fiber and 1% minerals [2]. Due to its high 
water content, it is a perishable vegetable that requires 
preservation processes. Drying processes, which are widely 
applied to food to extend its storage stability, can be used as 
alternatives to preservation [3, 4]. As a preservation and 
processing alternative, cassava is transformed into flour after 
drying; however, to prevent the physicochemical and 
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microbial degradation of the flour, it should be stored under 
suitable conditions of temperature and relative humidity [1]. 
Hence, it is important to understand the relationship between 
aw and the equilibrium moisture content (EMC) of cassava 
flour (sorption isotherms) and of food in general in order to 
predict the changes to their physical, chemical and 
microbiological properties that occur during storage and 
processing [4]. The sorption isotherm is applicable to the 
analysis and design of food drying, mixing and packaging, 
and can be used to determine optimal storage conditions, 
product shelf-life and proper packaging material [1]. 
Furthermore, the determination of sorption isotherms at 
various temperatures provides information about the 
thermodynamic sorption properties of the food-water vapor 



Ayala-Aponte / DYNA 83 (197), pp. 138-144. June, 2016. 

139 

system that affects the process, such as the differential 
enthalpy (isosteric heat of sorption), differential entropy, net 
integral enthalpy, spreading pressure and net integral 
entropy. These properties are useful to understand the 
behavior of water during the food-drying process and to 
optimize and quantify the energy requirements during mass 
and heat transfer [2]. They are also useful for providing 
information about the microstructure, water-sorption kinetics 
and interpretation of the physicochemical phenomena that 
occur at the water-solid interface [5]. According to Al-
Muhtaseb et al. [6], the thermodynamic properties are also 
useful for determining the final dehydration point needed to 
achieve a stable food with the least amount of energy applied.  

The differential enthalpy of sorption is useful to estimate 
the energy requirements for drying, as well as to provide 
information on the water state in food products. The 
differential entropy of sorption is proportional to the number 
of active sorption sites available at a specific energy level [7]. 
The spreading pressure is associated with the excess of free 
energy at the surface of the food solid, which means the 
increase of surface tension in the sorption active sites of water 
molecules [8,9]. The net integral enthalpy and entropy are 
used to explain the modes of moisture sorption in food 
products. The integral enthalpy provides information on the 
bond strength between water molecules and the solid [9], and 
the integral entropy describes the degree of disorder or 
randomness of the movement of water molecules [10]. These 
thermodynamic properties have been widely studied in many 
foods, such as potato [8], rice [7], mango powder [11], and 
starch [12], among others. However, the available literature 
is scarce for cassava flour. Notable research has been 
undertaken by Koua et al. [13] and Aviara et al. [2]; these 
studies were performed at different temperatures and with 
different varieties than those used in this study. Therefore, 
the purpose of this study was to determine the 
thermodynamic sorption properties (differential enthalpy, 
differential entropy, spreading pressure, net integral enthalpy 
and net integral entropy) in cassava starch at 25, 30 and 35°C.   

 
2.  Materials and methods 

 
2.1.  Preparation of the raw material   

 
Cassava (Manihot esculenta, Crantz) roots were used, 

which were washed with potable water, manually peeled with 
steel knives, chopped and dried in an oven (MLW, Germany) 
with forced-air circulation at 65°C until constant weight. The 
dry parts were ground in a ball mill on a laboratory scale. The 
flour samples were packaged in polyethylene bags and stored 
in desiccators containing P2O5.  

 
2.2.  Determination of the adsorption isotherms   

 
The adsorption isotherms were determined using a 

temperature controlled cabinet (Hot Pack, US), with an 
accuracy of ±1 °C at the selected temperatures of 25, 30 and 
35°C using the gravimetric method, according to the COST 
90 project [14]. This method consists of applying saturated 
saline solutions to maintain a given constant value of aw of 
the flour samples, when equilibrium is achieved between the 

atmosphere and the food.  
Eight saturated saline solutions (LiCl, CHCOOK, MgCl2, 

K2CO3, NaBr, SrCl2, KCl and BaCl2) were used, which were 
enclosed in hermetic containers and had aw values that varied 
between 0.1117 and 0.9017 at various temperatures [15]. 
Petri boxes with 2.500 ± 0.002 g of cassava flour were 
introduced into each hermetic container with the 
corresponding saline solution.  Tymol was placed into the 
containers with saline solutions that had aw values higher than 
0.65 to prevent microbial growth. The samples were 
periodically weighed every three days until a constant weight 
was achieved, to ensure equilibrium between the samples and 
the saline solutions. The samples were removed from the 
containers between the 19th and 25th day. The duration of the 
periodical weighing of the samples was less than 1 min to 
avoid any effect on the results. The EMC of the samples was 
determined using the oven method by AOAC [16]. The 
adsorption experiments for each temperature were performed 
in triplicate. The effect of temperature on the equilibrium 
moisture content was evaluated using analysis of variance 
(ANOVA) at a significance level of 95%, using the statistical 
software SPSS 11.  

 
2.3.  Modeling of the sorption isotherms  

 
The Guggenheim, Anderson and Boer (GAB) (Eq. 1), 

Peleg (Eq. 2) and Halsey (Eq. 3) sorption models were used 
to fit the experimental EMC values.  
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xo: moisture content of the monolayer   
C: Guggenheim constant, a characteristic of the product 

and related to the heat of adsorption of the monolayer 
K: constant related to the heat of adsorption of the 

multilayer  
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a and r: model constants  
These models are widely used in the literature on food[8, 

13, 17, 18]. The model parameters were determined by 
nonlinear regression using the program MATLAB v7.0. The 
mean relative error percentage (MRE, %) (Eq. 4) and the 
coefficient of correlation (r2) were used as criteria to 
determine the best fit for the experimental sorption values. A 
model is considered acceptable if values for MRE are below 
10% [19] and r2 approaches 1.     
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Xei: moisture content (g water/g d.m) 
Xci: calculated moisture content (g water/g d.m) 
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N: number of samples 
 

2.4.  Determination of the Thermodynamic Properties 
 

2.4.1.  Differential enthalpy of sorption   
 
The differential enthalpy of sorption is also called the 

isosteric heat of sorption (Qst) and is determined from 
experimental values using the Clausius-Clapeyron equation 
(Eq. 5):  
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where qst is the net isosteric heat of sorption, R is the 

universal gas constant, and is the latent heat of 
vaporization of pure water, calculated for the fixed 
temperature of 30°C (λ = 46.011 kJ/mol), corresponding to 
the average of 25, 30 and 35°C.  

By plotting ln(aw) versus 1/T for various EMC values 
(between 5 and 35 kg water/kg d.m), linear relationships were 
obtained, with slopes equal to (‒(Qst‒/R), from which Qst 
was  calculated.   

 
2.4.2.  Sorption entropy 

 
The differential entropy of adsorption (Sd) was calculated 

by the Gibbs-Helmholtz equation (Eq. 6):  
 

Sd =  (Qst  – G)/T,     (6) 
 
Where G is the Gibbs free energy, calculated using Eq. 7: 
 

G = RT ln aw        (7) 
 
By substituting equation (7) into (6), Eq. 8 is obtained:   
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By plotting ln (aw) versus 1/T for a constant water content, 

the Sd value is calculated from the intercept (Sd/R).  
 

2.4.3.  Net integral enthalpy of sorption   
 
The value of the net integral enthalpy (Qin) (Eq. 9) is 

analogous to the differential enthalpy of sorption, but it is 
calculated at a constant diffusion pressure. The value Qin can 
be obtained from the slope of the plot of ln (aw) vs. 1/T:   
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2.4.4.  Spreading pressure 

 
The spreading pressure (Ø) represents the free surface 

energy for sorption and can be considered to be the difference 
in surface tension between the active adsorption sites in the 
solid and the water molecules [8, 9]. Its units are (J/m2). The 
value Ø is not experimentally determined, but it can be 
obtained through an analytical procedure related to Eq. 10 
[9].   
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Where θ = EMC/x0   ( xo: the moisture in the monolayer).  
To avoid undefined values of Ø for aw = 0, the lower limit 

of aw = 0.05 was taken in Eq. 10. The calculated spreading 
pressure values were fitted, adding the corresponding value 
to the range of aw between 0 and 0.05, which was calculated 
assuming a linear relation (Henry's law) between EMC and 
aw [9, 20]. Hence, by using an analytical procedure and the 
Halsey equation (Eq. 3) to describe the empirical relation 
between EMC and aw, Ø was calculated (Eq. 11). For this, the 
Halsey equation was substituted into Eq. 10 [2, 8, 20]:   
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Where r and a correspond to the Halsey equation 

constants (Eq. 3), and Ø was determined at the three study 
temperatures (25, 30 and 35°C). 

 
2.4.5.  Net integral entropy of sorption   

 
The net integral entropy (Sin) describes the degree of 

disorder and randomness of the movement of water 
molecules [10]. It also quantifies the mobility of water 
molecules adsorbed during sorption [9]. The Sin of a system 
can be calculated with equation 12 [10], considering that the 
geometrical mean of activity (aw)* is used, obtained at a 
constant spreading pressure at various temperatures:   
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3.  Results 

 
3.1.  Adsorption isotherms of water   

 
The experimental adsorption isotherms of water from 

cassava flour at various temperatures are presented in Fig. 1. 
The samples presented an initial moisture content of 2.621 ± 
0.011 g water /g dry matter. The standard deviation of the 
average EMC values in the adsorption isotherms at the three 
temperatures varied from 0.02 to 0.08. The isotherms 
presented a sigmoid shape (inflection point at low aw values), 
classified as type II according to Brunauer, Deming and 
Troller, as reported by Iguedjtal [21].  
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Figure 1. Adsorption isotherms of cassava flour: experimental and modeled 
using the Peleg model at 25, 30 and 35°C. 
Source: The author 

 
 
ANOVA indicated significant influence (p<0.05) of the 

temperature on the EMC, indicating a decrease in EMC with 
increased temperature in the entire range of aw. This means that 
cassava flour has lower water retention at higher temperature. 
In turn, with increased temperature for the same moisture level, 
aw increases, which may increase the product deterioration rate 
[22]. Similar results have been observed in the water-adsorption 
isotherms in certain cassava products [17,23,24]. This influence 
of temperature on water retention has been attributed to the 
reduction or loss of active sites where water molecules interact 
with the surface of the food [25]. 

 
3.2.  Modeling of the sorption isotherms   

 
Table 1 presents the adsorption parameters, including the 

MRE and r2 value for the GAB, Halsey and Peleg sorption 
models for the three temperatures. The three models 
presented good fits, with MRE values lower than 10% and 
high r2 values. However, the Peleg model was best because it 
presented the lowest MRE and MRES values and highest r2 
values.  

 
Table 1.  
Values of constants and statistical criteria for the fitting of experimental 
values of adsorption in cassava flour at various temperatures.  

Model Constants 
Temperature (°C) 

25 30 35 
GAB Xo 0.0731 0.0728 0.0632 

 C 34.9600 15.550 30.390 
 K 0.8919 0.8329 0.8677 
 R2 0.9929 0.9970 0.9957 
 MRE % 5.1541 5.8874 3.1647 
     

Halsey a 0.0181 0.0161 0.0122 
 r 1.7412 1.7640 1.8022 
 R2 0.9857 0.9879 0.9915 
 MRE % 3.3289 3.2156 4.1335 
     

Peleg k1 0.1246 0.0905 0.1152 
 n1 0.3082 0.1758 0.3698 
 k2 0.2922 0.2789 0.2581 
 n2 3.8320 2.9840 3.8616 
 R2 0.9994 0.9992 0.9962 
 MRE % 1.5137 1.7251 2.5199 

Source: The author 

 
Figure 2. Variation in the differential enthalpy of sorption with equilibrium 

moisture content in cassava flour.  
Source: The author 

 
 
A comparison of the EMC experimental values for 

cassava flour and those predicted with the Peleg model is 
presented in Fig. 1. It indicates the good fit of this model 
along the entire range of aw.  

The GAB model has the advantage of providing 
information about the moisture content at the monomolecular 
layer or monolayer (xo) (Table 2). The xo value indicates the 
amount of water that is strongly adsorbed in the active sites 
of the food, and it is considered to be the value at which the 
food is most stable during storage [1].   

 
3.3.  Thermodynamic properties 

 
3.3.1.  Differential enthalpy of sorption (isosteric heat)   

 
Fig. 2 shows the change in Qst with EMC. Notice that when 

EMC decreases, Qst increases, ranging from 47.10 to 88.49 
kJ/mol for moisture values between 30 and 5.8 g water/g dry 
matter, respectively. This indicates the strong retention of water 
molecules in the active sites on the solid phase of the food. 
According to some researchers [26], the energy interaction level 
between water and the solid phase at low EMC is higher than the 
interaction between water molecules at high EMC. Similar 
behavior was observed in sorption isotherms in various cassava 
products [17,23,24] and in other foods, such as corn [27], yellow 
pitahaya [28], plantain pulp [29] and  orange powder [18]. 

In the entire EMC range, Qst is higher than the heat of 
vaporization of pure water ((30ºC) = 46.011 kJ/mol, and it has 
similar values at high EMC. This indicates that the energy of 
interaction between the water molecules at the adsorption 
sites (active points) at the surface of the food is higher than 
the energy at which the molecules of pure water exist in the 
liquid phase. In the adsorption processes during storage, Qst 
provides information on the water-solid interaction and the 
chemical, physical and microbiological state of the food [8].  

 
3.3.2. Differential entropy of sorption      

 
Fig. 3 indicates the strong dependence of the differential 

entropy (S) on the EMC, with a maximum of 129.0 J/mol·K 
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at an EMC of 0.058 g water/g d.m, past which the value 
decreases with increasing moisture. This result has been 
observed in many products, such as potato flakes [30], potato 
[8], prickly pear [31] and potato starch [12]. The S value is 
proportional to the number of active sorption sites at a 
determined energy level [7]. This means that the number of 
available sorption sites decreases with increased moisture 
because these active sites become covered with water 
molecules, decreasing their mobility. According to certain 
researchers  [32,33], the decrease in the differential entropy 
with increased moisture is associated with the restriction of 
the molecular movement of water. According to other 
researchers [34], the differential entropy can be used to 
understand the moisture adsorption process associated with 
dilution and crystallization. Rotstein [35] argues that S can 
be used in an energy balance, providing information on the 
energy use in food processing. 

 
3.3.3.  Spreading surface 

 
The evolution of spreading pressure (Ø) with temperature 

is presented in Fig.4. The value Ø increases with increased 
water activity, and at a certain aw value, it decreases with 
rising temperature, although this is not very notable between 
25 and 30°C.  

 

 
Figure 3. Changes in the differential entropy of sorption with EMC in 
cassava flour. 
Source: The author 

 
 

 
Figure 4. Evolution of the spreading pressure with increased aw at various 
temperatures. 
Source: The author 

 
Figure 5. Net integral enthalpy of cassava flour as a function of EMC. 
Source: The author 

 
 
This behavior has been presented in sorption studies of 

water in cassava [2] and starch [12]. The value Ø represents 
the excess free energy at the surface, indicating an increase 
in the surface tension at the sorption sites, caused by the 
adsorbed molecules [9].  

 
3.3.4.  Net integral enthalpy of sorption   

 
The changes in the net integral enthalpy (Qin) with 

equilibrium moisture content are shown in Fig. 5.   
This integral was determined the same way as the differential 

enthalpy of sorption, but at a constant spreading pressure. The 
value Qin decreases with increased EMC, varying from 15.86 
kJ/mol for an EMC of 0.004 g water/g d.m. to 0.334 kJ/mol for 
0.2920 g water/g d.m. This thermodynamic behavior can be 
attributed to the saturation of the active sorption points 
(monolayer moisture) [9], as the water is more easily adsorbed in 
the active sites of the external surface of cassava flour at low 
moisture contents, reaching the maximum value of Qin. This 
maximum value is an indication of the greater water-cassava 
flour interaction, which means that the sorption bond sites are 
stronger [26]. With the increase in the equilibrium moisture, the 
decrease in the net integral enthalpy is evident, which is attributed 
to the lower favorability of the active sorption sites because they 
are covered with water, forming multilayers [9]. According to 
these results, the variation in the net integral enthalpy with EMC 
indicates that the level of the solid-water interaction is higher than 
the interaction between water molecules. According to Rizvi and 
Benado [36], the magnitude of the enthalpy with high moisture 
content reflects the presence of free water. Similar interaction 
between Qin and EMC has been reported in various foods, such 
as potato [8], potato starch [12] and macaroni [37]. The 
determination of integral enthalpy is useful in quantifying the 
energy required for drying, from an initial moisture content to a 
final moisture content of the food [26]. It also provides 
information on the microstructure of the food and the theoretical 
interpretation of the physical phenomena that occur at the water–
food interface [38].   

 
3.3.5.  Net integral entropy of sorption   

 
Fig. 6 presents the net entropy of sorption (Sin) as a 

function of the moisture content. All Sin values were negative,  

0

20

40

60

80

100

120

140

0,00 0,05 0,10 0,15 0,20 0,25 0,30

D
if

fe
re

n
ti

al
 e

n
tr

op
y 

(J
/m

ol
 K

)

EMC (g water/g dry matter)

0,000

0,003

0,006

0,009

0,012

0,0 0,2 0,4 0,6 0,8 1,0

S
p

re
ad

in
g 

p
re

ss
u

re
 (

J/
m

2)

aw

25°C 30°C 35°C

0

2

4

6

8

10

12

14

16

0,00 0,05 0,10 0,15 0,20 0,25 0,30E
n

ta
lp

ía
 n

et
a 

in
te

gr
al

  (
kJ

/m
ol

)

EMC (g water/g dry matter)



Ayala-Aponte / DYNA 83 (197), pp. 138-144. June, 2016. 

143 

 
Figure 6. Variation of the net integral entropy of cassava flour with EMC. 
Source: The author 

 
 

which might indicate the existence of chemical adsorption or 
structural modification of the adsorbent or the external 
surface of the solid [20]. Sin increased with increased 
equilibrium moisture content, varying from a minimum value 
of ‒25.50 J/mol·K for an EMC value of 0.044 g water/g d.m. 
to ‒0.1618 J/mol·K for 0.2920 g water/g d.m. This result may 
be associated with the greater mobility of water molecules, 
promoting the formation of multilayers. Thus, the net integral 
entropy tends to approach that of free liquid water [39]. 
Similar behavior was observed in the sorption of water in 
mango [11] and cassava [2] powder. The minimum net 
integral entropy value can be considered the maximum point 
of stability for food during storage [11]. As the water 
molecules are strongly bonded with the adsorbent at this 
zone, they are more ordered and less available to participate 
in deterioration reactions [40]. Therefore, this minimum Sin 
value is found at an EMC of 4.4% (dry matter), a value 
relatively close to the moisture of the monomolecular layer 
(xo) predicted with the GAB model (Table 1), which varied 
between 6.3 and 7.3% (dry matter). 

 
4.  Conclusions 

 
The adsorption isotherms of cassava flour determined at 

25, 30 and 35°C demonstrated lower water retention capacity 
at higher temperature. The GAB, Halsey and Peleg models 
are appropriate for the prediction of EMC in cassava starch 
between 25 and 35°C, where the Peleg model provides the 
best prediction. All thermodynamic properties presented a 
correlation with the equilibrium moisture content. The 
differential enthalpy, differential entropy and net integral 
enthalpy decreased with increased moisture. The net integral 
entropy increased with increased moisture, and the spreading 
pressure decreased with temperature and increased with aw. 
According to the monolayer moisture and the minimum net 
integral entropy value, cassava flour presents maximum 
stability at an EMC between 4.4 and 7.3% (dry matter). These 
adsorption findings in cassava flour are of interest in the 
determination of the optimal storage conditions, the 
prediction of shelf life and the optimization and 

quantification of energy requirements during the transfer of 
mass and heat during drying. 
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Abstract 
Cathodic arc technique was used to deposit a Cr/CrN bilayer coating on AISI 440C stainless steel.  The morphology and composition of 
the coating were verified by Scanning Electron Microscope and X-Ray Diffraction. Hardness and adhesion of the coating were also studied.  
In the erosion-corrosion wear, a slurry jet with impingement angle 90° at 4 and 8 m/s was used to impact upon bare and coated steel. All 
the wear mechanisms were evaluated according to ASTM G-119.  
The results indicate that the synergism wear rate is the most aggressive wear component, exceeding 40% of the total mass loss for coating 
steel and 60% of mass loss for bare steel. An increase in the impact velocity increases mass loss for both bare and coated steel.  In 
comparison, the Cr/CrN coating had better corrosion and erosion–corrosion resistance. 
 
Keywords: Multilayer coating, Staintess Steel, Cathodic Arc, erosion-corrosion. 

 
 

Comportamiento de un recubrimiento bicapa de Cr/CrN bajo 
degradación por erosión-corrosión por ensayo de impacto con chorro 

 
Resumen 
La técnica de deposición catódica fue utilizada para depositar un recubrimiento bicapa de Cr/CrN sobre acero AISI 440C. La morfología 
y composición del recubrimiento fueron evaluadas con microscopía electrónica de barrido y difracción de rayos-x. La dureza y adhesión 
del recubrimiento también fueron estudiadas. 
Se siguió el procedimiento de la norma ASTM G-119 para evaluar el desgaste por erosión-corrosión usando un chorro de lodo impactando 
a 90° a una velocidad de 4 y 8 m/s para impactar sobre el acero desnudo y recubierto.  
Los resultados muestran que el sinergismo es la componente de desgaste más agresiva, ésta excede en un 40% la pérdida de masa total para 
el acero recubierto y el 60% de la pérdida de masa total para el acero desnudo. El incremento en la velocidad de impacto incrementa la 
pérdida de masa tanto en el acero desnudo como en el recubierto. Comparando, el recubrimiento de  Cr/CrN presentó mayor resistencia a 
la corrosión y al desgaste por erosión–corrosión. 
 
Palabras claves: Recubrimientos multicapas, Acero inoxidable, Arco catódico, erosión-corrosión. 

 
 
 

1.  Introduction 
 
In aqueous conditions the presence of ions (CO3)2-, Cl-, SO4

= 
and particles harder than the surface can cause rapid 
deterioration of metal parts, which could be mitigated by 
employing stainless steel or potentiostatic protection. However, 
a high flux of certain ions added with harder particles impacting 
                                                      
How to cite: Alegría-Ortega, J., Ocampo-Carmona, L.M., Rodríguez, F. and Forlerer, E., Cr/CrN bilayer coating behavior under erosion-corrosion degradation by jet impingement 
testing. DYNA 83(197), pp. 146-153, 2016. 

the surface promote the breakdown of the protective layer.  
Stainless steels and corrosion inhibitors enable the 

reduction of the mass loss associated with the pure corrosion 
effect, allowing erosion loss to be the principal component of 
wear, although their protective capacity lasts until the flow 
velocity and turbulence affect the integrity of the surface. 
Alternatively, ceramic coatings have been used because their 
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high toughness and good adhesion can protect the surface 
against erosion, they could also extend the life of the part 
under corrosion due to their superior chemical resistance [1]. 

In general, erosion-corrosion (EC) studies reveal that the 
increase in the loss of material due to EC is greater than the 
sum of pure erosion and pure corrosion, which verifies the 
existence of a combined action [2-5]. It has also been found 
that for some metallic materials, the passivation zone 
promotes a decrease in the erosion rate, i.e. passive films 
generate some protection against erosive particles. 

Stack et al. [3] suggest that under EC wear, wear rates are 
limited to four stages: corrosion stage 1, corrosion stage 2, 
increased wear by pure corrosion, and pure erosion. In the 
last stage, the effect is due to an increase in temperature and 
erosion velocity. For tests in which the mass loss is measured 
gravimetrically, corrosion stage 1 is characterized by mass 
loss associated with the dissolution or degradation of the 
natural protective Cr2O3 oxide; corrosion stage 2 shows a 
mass gain due to the formation of new oxides; in the 
increased wear by pure corrosion and pure erosion stages, the 
mass losses are more pronounced, due to the convective and 
diffusive flow action and the kinetic energy of the particles 
impinging on the surface, causing the generation of 
subsurface cracks. In order to decrease the mass loss rate due 
to stages 3 and 4, the deposition of ceramic coatings has been 
proposed as an alternative because of their high hardness, and 
their chemical and thermal inertia, which generate lower 
mass loss rates [1,5-6]. 

According to ASTM G-119 [2] the mass loss rate by E/C 
in aqueous media is described by the eq. (1):  

 
ܮܯܶ ൌ ଴ܧ ൅ ଴ܥ ൅ ܵ     (1) 

 
In which, TML: total mass loss rate, E0: Mass loss rate by 

pure erosion, C0: Mass loss rate by pure corrosion and S: 
erosion-corrosion synergism. 

The synergism component can be seen as the sum of the 
interactions between the processes, where ߂Cw that is the 
change in corrosion rate due to wear and ߂Wc is the change 
in wear rate due to corrosion as is described by eq. (2): 

 
ܮܯܶ ൌ ଴ܧ ൅ ଴ܥ ൅ ஼ܧ∆ ൅     (2)			ௐܥ∆

 
The additive effect, ΔCw, refers to the change in 

corrosion rate due to wear, a positive additive effect are 
related with the generation of rugosity, these stressed zones 
behave like electrochemical cells increasing material loss; 
when a negative additive effect occurs it means there are 
compressive stresses due to the impact of the erosive 
particles, this stress state alters the surface electrochemical 
behavior triggering a lower mass loss rate [3-6]. 

The synergistic effect, ΔWc, refers to the enhancement of 
wear due to corrosion, when this term is negative 
(antagonism) the corrosion products during wear are 
providing protection to the surface.  

With PVD techniques, there has been success in obtaining 
coatings at low temperatures (below 400°C), high deposition 
rates, and the possibility to deposit multilayers or super-
networks that exhibit better performance due to the 
combination of the properties of their components and the 
laminated structure [7-10]. Indeed, with the diversity of 

techniques that have emerged for the deposition of hard 
films, currently there are EC wear studies being carried out 
on various nitrides and carbides of transition elements, as 
well as on micro and nanometric multilayers of these, in order 
to propose better alternatives for the mitigation of the wear 
of metallic parts [5,6,11-13]. 

 
2.  Materials and methods 

 
The experimental procedure used can be divided into two 

steps: coating deposition and evaluation of coating 
performance under erosion-corrosion experiments. 

The first step can be described as follows: Heat treatment 
of the steel, substrate characterization, coating deposition.  
The details of each stage will be presented below. 

 
2.1.  Heat treatment of AISI 440C steel 

 
Samples of AISI 440C of 12.7 mm in diameter and 5 mm 

in thickness were subjected to cryo-quenching and tempering 
treatments (Fig. 1) in the Coatings and Tribology Laboratory 
(DRyT) of CNEA, to improve hardness and wear resistance. 
A cryo-quenching process was employed in order to reduce 
the retained austenite [14], which is metastable at room 
temperature and could transform to new martensite during 
quenching after coating, resulting in volume change, which 
generates internal stresses, and consequently unacceptable 
dimensional changes and delayed cracking [15,16]. 

 
2.2.  Coating deposition 

The samples were polished with abrasive paper from 80-
800 mesh size. Some of the samples were used for the 
deposition of coatings and other bare samples were used as a 
reference for erosion-corrosion tests. 

Two bilayers of Cr/CrN were deposited with cathodic arc 
equipment Nissin Electric CO, LTD RMP-R3-J, in the 
Coatings and Tribology Laboratory (DRyT) of CNEA. 
For the deposition of the coatings, the vacuum back-pressure 
was 3x10-5 Torr (4x10-3 Pa) using a two-stage rotative 
mechanical pump for the rough vacuum, coupled with a 
diffusion pump. The target-substrate working distance was 

 

Figure 1 Heat Treatment of AISI 440C steel.  Ac1: initiation of austenite 
transformation temperature, Ms: initiation of martensitic transformation 
temperature start, Mf: end of martensitic transformation temperature.  
Source: The authors.    
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15 cm. The ionic cleaning was made with Vbias: -800V with 
Ar gas for 15 min. Then, the deposition of two bilayers of Cr 
+ CrN, each layer under Vbias: -400V for 1.5 min with a flow 
rate of 40 cm3 of Ar gas in the Cr layer deposition and Vbias: 
-125V for 15 min with a mixture of N2 (36 cm3) and Ar (2 
cm3) gases in the CrN layer deposition, was carried out. 
Between the two bilayers, the voltage sources were turned off 
without breaking the vacuum. 

 
2.3. Evaluation of coating performance under erosion-

corrosion experiments 
 
The jet impingement test was executed in a cell that holds 

5 L of solution and it was recirculated by means of a 
peristaltic pump. The nozzle is made of Nylon and has an 
outlet diameter of 2 mm, at 90° from the sample.  

The cell, Fig. 2, was coupled to a potentiostat Gamry 600 
to generate potentiodynamic polarization curves in order to 
evaluate the corrosion rate. The reference electrode (RE) of 
saturated calomel (SCE) was put into a glass shell with a 
Vycor tip, which acts as a membrane and facilitates 
electrochemical measurements without any contamination of 
the electrode. The auxiliary electrode (AE) of platinum was 
located near the working electrode (sample), to reduce the 
ohmic drop during the measurement. 

Potentiodynamic curves were initiated once the open 
circuit potential (OCP) was stabilized. The exposure area of 
the sample was 78.54 mm2. A sweep was carried out from -
0.6 to 0.6 V vs SCE using a scan rate of 1 mV/s. In all the 
tests, the samples were immersed for 30 min in the solution 
or in the slurry under the action of the jet. The 
electrochemical parameters were calculated with Tafel 
extrapolation using E-Chem Analysis-Gamry software. 

The corrosion tests were performed in a 3.5%wt. NaCl 
solution, while in the erosion and EC tests slurry composed  

 

 
Figure 2 Erosion corrosion cell. 
Source: The authors. 

Table 1. 
Nomenclature used for corrosion-erosion test.  

Material type Test type Impact velocity 
a: 440C steel 

 
R: Cr/CrN Bilayer 

coating 
 

TML: Total material loss 
by erosion-corrosion 

W0: pure erosion 
C0: pure corrosion 

Cw: electrochemical 
corrosion rate during the 
erosion – corrosion test 

4: 4m/s 

 
8: 8m/s 

 

Source: The authors. 
 
 

of a solution with 10% wt. of silica particles of 0.300-0.212 
mm (AFS 50/70) size was used. In the erosion test, a cathodic 
voltage of -1V vs Ecorr was supplied in order to avoid mass 
loss associated with corrosion. In the slurry tests, a paddle 
stirrer was used in order to facilitate the suspension of the 
silica particles and supply a homogeneous solution to the 
pump. 

The jet impingement velocities were 4 and 8 m/s. The test 
was performed at room temperature (25-28°C). The Nylon 
sample holder was of the Avesta cell type in order to avoid 
crevice corrosion. The sample was placed 5 mm from the 
nozzle. The mass loss erosion and EC test were calculated 
gravimetrically.  

The nomenclature used in the samples was as follows: 
Table 1. 

 
3.  Results and Discussion 

 
The characterization of the substrates after the heat 

treatment, the coating and the electrochemical measurements 
of mass loss of the coated and uncoated samples after 
completing the tests, as well micrographs will be reported. 

 
3.1.  Characterization of substrates 

 
The monograph in Fig. 3 shows that the steel was etched 

with Beraha attack [17] and that there is a dark matrix 
consistent with very fine martensitic matrix exhibited by  

 

 
Figure 3 Bright field micrograph of 440C steel after cryo-quenching and 
tempering treatment. CP: primary carbides, CS: secondary carbides. Etched 
with Beraha.  
Source: The authors.  
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440C steel thermal treated [18], and bimodal size distribution 
of white areas, which correspond to carbides. A martensitic 
matrix was checked by measuring the microhardness, by 
means of a microdurometer Akashi MVK-H2, which gave a 
result of (679 ± 71) HV0.025. 

 
3.2.  Coating characterization  

 
The evaluation of the properties of the coating was 

performed on a standard sample for each batch of coatings, 
using the equipment of the CTL-CNEA. 

The hardness measurement was (1300 ± 80) HV0.025. 
Fig. 4 shows a micrograph of thickness coating measured 
with CaloTest equipment CSEM S/N 03-134. The partial and 
full thickness measured was 3,2 μm and 6,6 μm respectively. 

The scratch test was performed with CSEM Scratch-
Tester S-N 26-393 equipment with a diamond type C 
Rockwell indenter. The indenter was moved at a speed of 10 
mm/min, linearly varying the load from 0 to 60 N with a table 
speed of 100 N/mm. The critical load was determined by 
optical microscope, and the lineal relation of load vs. table 
speed was Lc1: (38 ± 10) N. 

To identify the phases present and their preferred 
orientation, diffraction measurements were performed on an 
X-ray diffractometer X'pert Panalytical with Cu-K 
radiation. The diffraction pattern, Fig. 5, shows the presence 
of a CrN phase (JCPDF00-011-0065). It can be noticed that 
the film has a strong texture at CrN [220] orientation. This is 
consistent with the information presented by many authors 
[19-22] for the combination of parameters used in the 
deposition of this coating, since the texture of the films is 
affected by the Vbias and nitrogen partial pressure used in the 
deposition process [19-21]. The Cr peaks have shifted to the 
left indicating that the crystalline structure has compression 
microstresses that help to counteract subsurface tangential 
stresses during erosion preventing pitting and chipping of the 
coating. Microstresses alter the lattice spacing and 
broadening the diffraction peak [23]. It does not present 
evidence of Cr peaks.  

Fig. 6a shows the surface microstructure of the coating, 
in which some surface defects like pinholes and droplets,  

 

 
Figure 4 Optical micrograph at 50X of ball crater thickness test for Cr/CrN 
bilayer coating. 
Source: The authors. 

Figure 5 Diffractogram of Cr/CrN coating on AISI 440C steel. 
Source: The authors. 

 
 

 
Figure 6 SEM micrographs of Cr/CrN coating. a) Surface. b) Transversal. 
Source: The authors. 

 
 

characteristic of process deposition, are seen. The 
micrographs were performed with SEM JEOL JSM 5910 LV 
at UNal laboratories. 

Fig. 6b is a transversal micrograph of the coating, and it 
was obtained by previously fracturing a sample immersed in 
liquid nitrogen and etching the multilayer coating with a 
solution of HNO3 and HF in the ratio 1:9 for 30 min. This 
preferentially attacks the Cr, and so can display the 
stratification layers. 

 
 

3.3.  Electrochemical measurements 
 
The polarization curves for pure corrosion (C0) and 

erosion-corrosion (Cw) carried out on 440C steel and on a 
Cr/CrN bilayer coating in function of the impact velocity are 
shown in Fig. 7.  

For all conditions of wear, the velocity increase causes a 
higher corrosion current density. Although the corrosion 
potential of coated samples are very close to bare samples, 
coating protects the surface under conditions of pure 
corrosion as well as EC, as is observed in Fig. 7, since 
corrosion current density is lower for coated samples. 

 
3.4.  Mass losses 

 
Table 2 shows the individual contributions of erosion, 

corrosion and synergism for each of the evaluated conditions 
obtained, following the procedure described in ASTM G-
119-09 [2]. Generally, increasing the velocity produces a  
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(a) 
 

 
 

(b) 
 

Figure 7. Potentiodynamic polarization curves made at different velocities 
on the 440C steel and the coating of Cr/CrN in a) pure corrosion b) erosion-
corrosion. 
Source: The authors. 

 
 

higher mass loss rate, which is in accordance with the 
theories of erosion. Also, it should be noted that there is a 
greater loss of mass for both materials in erosion-corrosion 
conditions, the case of martensitic stainless steel being more 
drastic. 

The pure corrosion mechanism (C0) has little effect on 
the coating and on stainless steel under any of the test 
conditions. The pure erosion mechanism (W0) was the 
greatest wear mechanism, mass loss being higher for 
uncoated steel. The protective effect of the coating for pure 
erosion decreases with increasing impact velocity. 
Moreover, the synergism effect in erosion-corrosion is 
remarkable for all other conditions, and even more so for 

the uncoated samples (TML). Under the conditions tested 
and with the values reported in Table 2, Fig. 8 shows the 
percentage contribution of mass loss; for both the CrN/Cr 
coating as well as the 440C steel the synergism exceeds 
40% of the total mass loss, which means that the 
mechanisms of interaction between erosion and corrosion 
are very important for the wearing down of both materials. 
For all conditions, the coating had a higher resistance, 
represented by a mass loss rate of about half compared with 
that obtained for the bare 440C steel. Fig. 9 shows the SEM 
micrographs, which confirm that the Cr/CrN bilayer coating 
exposed to pure erosion undergoes less material detachment 
at low velocity, without any observable EDS peaks from the 
substrate. For the eroded surfaces under EC, Fig. 9c and d, 
the material detachment is greater and a large and deep scar 
area in the center of the samples can be seen. Debris were 
observed scattered around the scar coating. In Fig. 9d, for 
high velocity EC it can be observed that there is a 
degradation of the substrate, which shows plastic 
deformation with the formation of valleys generated by the 
impact of the particles as observed in metals like aluminum. 
The direction range of valleys comes from the interaction 
between the particles in the jet due to their high 
concentration, which generates changes in the trajectories, 
which is reinforced by the particle size distribution in the 
jet [24]. The EDS of Fig. 9d was taken in the central zone 
of the sample, it shows Fe peaks and due to the height of the 
Fe/Cr peaks is close to that typical of bare steel, it seems 
that the substrate surface has been uncovered. Therefore, it 
can be confirmed that the fracture toughness and hardness 
of the coating is critical for erosion resistance, since the 
coating has a mode of failure by brittle fracture. For all 
cases, the synergistic effect (ΔWc) is positive, being of a 
higher value for bare steel. This situation suggests that the 
surface does not produce corrosion products that help 
protect the surface [2-4, 25-26], which is confirmed in the 
potentiodynamic polarization curves of corrosive flux 
particles, which are shown in Fig. 6. It can be seen that there 
is no characteristic curve with anodic formation of passive 
layers. The coating was also unable to produce corrosion 
products that protect the surface, but the ΔWc data are less 
positive, which provides protection twice that of 440C 
stainless steel. 

 

 
Figure 8 Percentage contribution of pure erosion, pure corrosion and 
synergism over total mass loss rate by erosion-corrosion wear. 
Source: The authors. 

 



Alegría-Ortega et al / DYNA 83 (197), pp. 145-152. June, 2016. 

150 

Table 2. 
Mass loss rate in the EC test. TML: Total material loss rate; W0: mechanical wear rate; C0: electrochemical corrosion rate; Cw: electrochemical corrosion 
rate during the corrosive wear process; S: Synernism; ΔWc: Synergistic effect; ΔCw: Additive effect. 

Sample material CrN/Cr coating 440C 

Impact velocity (m/s) 4 8 4 8 

Mass loss 
rate (mm/ 

year) 

TML 9,3728 15,6213 28,4530 36,9889 
Wo 5,4674 6,2485 8,5359 14,2265 
Co 6,8910E-06 1,3214E-05 1,7179E-05 6,1240E-05 
S 3,9053 9,3727 19,9171 22,7623 

Cw 1,3513E-05 1,8903E-04 1,0905E-04 2,0800E-04 
Wc 3,9053 9,3726 19,9170 22,7621 

Source: The authors. 
 
 

 Erosion Erosion-corrosion 
 (a) (b) 

4 
m

/s
 

  
 

  

 (c) (d) 

8 
m

/s
 

 

 
  

 

 

 
Figure 9. SEM micrographs of coatings after pure erosion and erosion-corrosion tests. 
Source: The authors. 

 
 
Different authors [5-6,11-13], who have studied some 

alloys and coatings, reported that synergism is an important 
component of the degradation in EC. Synergism in the case 
of alloys that undergo passivation is linked to the breakdown 
of the passive film by the action of the particles. For the case 

of multiple layers, as in the case of ceramic coatings, the EC 
mechanisms and the synergism may be more complex, due to 
the presence of galvanic between Cr and Fe. 
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4.  Conclusions 
 
The bilayer coating of Cr/CrN offered resistance to 

erosion, corrosion and erosion-corrosion under the impact of 
4 to 8 m/s compared to the bare surface. 

The corrosion potential of potentiodynamic polarization 
curves is very similar to the bare surface, which can be 
attributed to the electrolyte penetrating the porosity of the 
coating. 

Under the action of jet impact with slurry at 8 m/s, the 
coating fractured and detached from the substrate. Hence it is 
recommended that the adhesion of the coating be increased 
in order to prevent detachment, and also to heat treat the 
coating after processing in order to achieve a better 
toughness. 

The pure corrosion rate compared to pure erosion is 
negligible, due to the high solid content (10% wt.) in the case 
of erosion, which generates a greater amount of impact, 
causing greater wear on surfaces through the mechanical 
effect. 

At higher impact velocity, mass loss increased in terms of 
erosion, flow corrosion and EC for both materials (440C 
steel, bare and with coating).  

The EC wear for all conditions tested was higher than the 
sum of the rates of pure erosion and pure corrosion, except 
for the case of steel subjected to erosion at 4 m/s. 

It was possible to establish that the synergism exceeds 
40% of the mass loss for all cases tested, and therefore is an 
important component of low mass loss under EC wear. 

The 440C steel surface showed a mass loss rate of 304% 
under an impact of 4 m/s and 237% under an impact of 8 m/s 
compared to the coating mass loss rates. 
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Abstract 
This paper shows the results of a set of experiments aimed t at calibrating and validating an inertial sensor-based motion capture system 
that is used to capture and analyze the elbow joint flexion/extension motion. An experimental platform was constructed that provides 
accurate angular position information for reference purposes. Results obtained have an average error of 2.14 degrees when the arm is 
guided by a servomotor that rotates at 1 radian per second. The system also has an RMSE of 3.3, 4.9, 6.4 and 7.7 degrees for speeds of 2, 
3, 4 and 5 radians per second respectively. Results show that the errors are acceptable   to use a kinematic information capture platform en 
with inertial sensors that is focused on monitoring the recovery of the motor function in the upper limbs through physical therapy. 
 
Keywords: Motion capture, biomechanical signals, inertial sensors, potentiometer, upper limb, telerehabilitation. 

 
 

Validación de una plataforma basada en sensores inerciales para 
adquirir información cinemática de estimación del ángulo articular 

humano 
 

Resumen 
El artículo presenta los resultados de una serie de experimentos para calibrar y validar un sistema de captura de información cinemática 
asociado al movimiento de flexión/extensión de la articulación del codo, con sensores inerciales, para lo cual se construyó una plataforma 
con un potenciómetro de precisión usado como referencia de posición angular. Los resultados muestran que los datos generados por el 
sistema presentan un promedio de error de 2.14 grados cuando el brazo guiado por el servomotor funciona a una velocidad de 1 radian por 
segundo. El sistema también tiene un RMSE de 3,3, 4,9, 6,4 y 7,7 grados para velocidades de 2, 3, 4 y 5 radianes por segundo, 
respectivamente. Los resultados muestran que los errores son aceptables para utilizar una plataforma de captura de información cinemática 
con sensores inerciales, orientada a controlar la recuperación de la función motora en los miembros superiores través de la terapia física. 
 
Palabras clave: captura de movimiento, señales biomecánicas, sensores inerciales, potenciómetro, extremidad superior, telerehabilitación. 

 
 
 

1.  Introduction 
 
The motion capturing system to measure 

flexion/extension, pronation/supination and 
abduction/adduction through the use of inertial sensors [1-2] 
that adhere to body segments is a broad field of research. It is 
found in topics such as: motion analysis [3-5]; active 
                                                      
How to cite: Callejas-Cuervo, M., Ruíz-Olaya, A.F. and Gutiérrez, R.M., Validation of an inertial sensor-based platform to acquire kinematic information for human joint angle 
estimation. DYNA 83(197), pp. 154-159, 2016. 

videogame development [6-7]; high performance athlete 
analysis [8-10]; physical rehabilitation on human beings [11-
13]; among others. This shows how important it is to analyze 
locomotive and manipulative behavior as well as to identify 
strategies for their improvement. In spite of technological 
advances there are a restricted number of systems that are able 
to make accurate, quantitative and low-cost calculations of the 
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angle value between the different body segments or joints. 
This work shows the outcomes from a validation process of 

a motion capture system that is based on inertial sensors. The 
system allows the angle of any upper limb joint to be estimated. 
The validation experiments have been guided in order to obtain 
the flexion/extension angle from the elbow. 

To calibrate the motion capture system, an experimental 
platform has been implemented that provides reference 
information on the angle between two mechanical segments: one 
fixed segment and one mobile segment. A precision potentiometer 
provides information on the reference angle. The experiments 
were made by mounting the inertial sensors onto segments in the 
experimental platform. The angle estimate is carried out by 
merging information from inertial sensors (a 3-axis accelerometer 
and a 3-axis gyroscope). The angle has been validated for the 
following different angular velocities: 1, 2, 3, 4 and 5 rad/s. 

The structure of this article is the following: section 2 
includes an introduction to orientation kinematics.  Section 3 
presents the experimental methods that include the construction 
of a test platform, programming and adjusting of the data capture 
software, reference system calibration, and data acquirement and 
outcomes analysis. Section 4 presents the results, and finally the 
conclusions are presented. 

 
2.  Orientation kinematics 

 
Within a joint angle estimation context, orientation 

kinematics relates to the calculation of the relative orientation of 
a body relative to a global coordinate system. It is useful to attach 
a coordinate system to the body frame as well as another one to 
the reference when both, the reference and the body frames, have 
the same fixed origin. Fig. 1 presents a system with two 
coordinate systems: the body frame (Oxyz) and the reference 
frame (OXYZ). 

Taking X,Y, Z as a reference coordinate system, and x, y, z 
as a body coordinate system, the rotation matrices are given by 
eq. (1) - (4): 

Rotation ∅ about X-axis, ܴሺX, ∅ሻ ൌ ൥
1 0 0
0 ∅ݏ݋ܿ െ݊݅ݏ∅
0 ∅݊݅ݏ ∅ݏ݋ܿ

൩ (1) 

  

Rotation ߠ about Y-axis, ܴሺY, ሻߠ ൌ ൥
ߠݏ݋ܿ 0 ߠ݊݅ݏ
0 1 0

െߠ݊݅ݏ 0 ߠݏ݋ܿ
൩ (2) 

  

Rotation ߰ about Z-axis, ܴሺZ, ߰ሻ ൌ ൥
߰ݏ݋ܿ െ߰݊݅ݏ 0
߰݊݅ݏ ߰ݏ݋ܿ 0
0 0 1

൩ (3) 

 

 
Figure 1. Coordinate transformation between the reference frame and the 
body. 
Source: The authors.

The total rotation matrix, in the order ZYX, could be written as ࢚ࡹ, which 
means turning the body coordinates with respect to the reference coordinates 
[14]:  

 
௧ܯ 	ൌ 	ܴሺܼ, ߰ሻ	ܴሺܻ,  ܴሺܺ,ɸሻ	ሻߐ

 

௧ୀܯ ൥
߰ݏ݋ܿ െ߰݊݅ݏ 0
߰݊݅ݏ ߰ݏ݋ܿ 0
0 0 1

൩ ൥
ߠݏ݋ܿ 0 ߠ݊݅ݏ
0 1 0

െߠ݊݅ݏ 0 ߠݏ݋ܿ
൩ ൥
1 0 0
0 ∅ݏ݋ܿ െ݊݅ݏ∅
0 ∅݊݅ݏ ∅ݏ݋ܿ

൩ 

 

௧ୀܯ ൥
ߠݏ݋ܿ߰ݏ݋ܿ െݏ݋ܿ߰݊݅ݏ∅ ൅ ∅݊݅ݏߠ݊݅ݏ߰ݏ݋ܿ ∅݊݅ݏ߰݊݅ݏ ൅ ∅ݏ݋ܿߠ݊݅ݏ߰ݏ݋ܿ
ߠݏ݋ܿ߰݊݅ݏ ∅ݏ݋ܿ߰ݏ݋ܿ ൅ ∅݊݅ݏߠ݊݅ݏ߰݊݅ݏ െܿ݊݅ݏ߰ݏ݋∅ ൅ ∅ݏ݋ܿߠ݊݅ݏ߰݊݅ݏ
െߠ݊݅ݏ ∅݊݅ݏߠݏ݋ܿ ∅ݏ݋ܿߠݏ݋ܿ

൩ (4) 

 
3.  Experimental methods 

 
The following subsections are the stages used to develop the 

calibration processes as well as the validation of the inertial 
platform for human motion capture and analysis. 

 
3.1.  Experimental platform construction 

 
The tests platform is a reliable and steady environment 

that allows data capture instead of reference. This platform is 
composed of an articulate segment together with a 
servomotor that provides movement and a high precision 
potentiometer, such as the one in Fig. 2. 

Moreover, the platform integrates a control and processing 
unit, in this case, a microcontroller within an Arduino's board. 
The chosen sensor for application is an MPU-9150 from 
Invensense [15], which has 9 degrees of freedom and combines 
a three axis gyroscope, a three axis accelerometer and a three axis 
magnetometer; a Xbee wireless communication system that 
connects Arduino with the graphic interface from the developed 
system, which can be accessed from different devices (PC, 
Tablet, Smartphone and others); a 6v-2600mAh battery as a 
power supply. The MPU9150 sensor provides digital information 
through an I2C communication. Finally, the connection of the 
wireless communication modules is made through an Xbee 
shield for Arduino and a RF Xbee module. 

 
3.2.  Software/firmware for sensors data capture 

 
After a test environment, it is necessary to program the 

data acquirement software. In this stage, some computational 
algorithms are created, proved and adjusted, and these are 

 

 
Figure 2.  Test platform. ① Servomotor, ② Potentiometer, ③ Mechanical 
arm, ④	Sensor, ⑤ Arduino platform. 
Source: The authors. 
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implemented on the capture system, the purpose of which is 
to collect, process, and distribute data from the whole motion 
capture system. 

The firmware within the Arduino's board microcontroller 
is responsible for generating the communication link between 
sensors and users or data processing software, as well as 
containing the necessary functions to carry out the 
corresponding reading, setup, and processing of the 
information from the inertial sensors that are connected to it. 
Inside the developed software, there are several libraries 
containing basic functions that collect information from 
sensors in addition to mathematical algorithms that process 
the collected data. The following libraries are structured as 
follows [16]: 

MPU9150 Library: This part of the firmware contains the 
functions necessary to execute the fusion of the inertial 
sensor's nine axis, through data obtention,the correlation of 
magnitudes, their variables and the implementation of 
calculation algorithms  that deliver as results  values in 
different units of measurement (quaternions, total and axis 
Euler angle, differential angles and raw values from the 
sensor). 

Calibration Library: This contains the code related to the 
magnetometer and accelerometer calibration (the gyroscope 
does not require calibration). It also disposes of specialized 
algorithms for necessary specific data collection during the 
calibration, for example the auto select of the most relevant 
and accurate information that sensor can give. 

Motion Driver: This contains selected and modified files 
from Embedded SDK v5.1 provided by InvenSense, and it is 
necessary to manage the sensor hardware. 

I2CDev: This contains communication utilities between 
hardware and software through I2C protocol. It was 
originally created by Jeff Rowberg with an open source 
license. It has been slightly modified for its use in this 
application. 

DueFlash: EEPROM library for AVR Arduinos. In this 
case, it is used to permanently write the outcomes of the 
calibration within EEPROM memory into the Arduino's 
board microcontroller. 

Thus, there are tools to suitably capture and visualize data 
to later undertake the respective calculation and analysis. 

 
3.3.  Experimental platform calibration 

 
The reference system used is based on a precision 

potentiometer, which is adjusted with manual tools that 
provide the angle information for different angular positions.  

Maximum and minimum values of the potentiometer are 
read in order to find out the range of operation and correlate 
this with the information provided by a protractor. These 
values are computed by magnitude in voltage to correspond 
to an image in degrees. This allows a direct comparison 
between the potentiometer and the sensor information. 

Several data collections of the mechanical segment 
motion were made in order of establish the correlation 
between voltage value and the angular displacement by the 
potentiometer. The outcome of the comparison with angles 
(180º, 135º, 90º, 45º and 0º) can be seen in Table 1. 

Table 1.  
The potentiometer calibration process 

Angular displacement 
(degrees) 

Potentiometer output (volts) 

180 1.06 
135 1.98 
90 2.91 
45 3.90 
0 4.76 

Source: The authors. 
 
 

3.4.  Data acquisition 
 
In this stage, hardware and software are merged to collect 

necessary information from the experiments by taking into 
account different factors such as synchronization and 
reliability from the data recorded on different devices in the 
tests. 

The conditioned potentiometer signal provides an analog 
voltage that is proportional to the angular displacement 
received through mechanical arm.  

Information provided by the inertial sensor and 
magnetometer, relates to the transformation process of 
signals from acceleration, angular velocity and the magnetic 
field. 

Information provided by the angular sensor relates to the 
transformation process of signals from the inertial sensor 
(acceleration, angular velocity and magnetic field). This 
angular information (Euler angles) was computed from 
equations (1) to (3) and corresponds to elbow joint flexion-
extension. Further movements can be calculated from the 
rotation matrix in equation (4).  

 
4.  Results and Discussion 

 
The results are carried out in four steps that involve the 

statistical analysis of the data, the linearization equation, data 
collection graphics generation, and quantitative analysis of 
variables. 

 
4.1.  Data statistical analysis 

 

 
Figure 3.  Data correlation and function linearization. 
Source: The authors. 
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From the data acquired, batches of information were 
processed in a specialized software (OriginLab Demo) [17], 
thus, its intercept, percentage deviation, pendant, statistical 
correlation and median were calculated. This information 
allowed for an arithmetic linearization that corrects bugs 
from all the processed values by means of averaging. For the 
purpose of complementing the analysis, data correlation and 
function linearization were graphed, thus it was corroborated 
that the method used is correct, and the system modeling to a 
linear equation was simplified, as can be seen in Fig. 3. 

 
4.2.  Equation linearization 

 
By using linear regression, the best-fitting straight line through 

the points was found. The equation for the line in Fig. 3 is: 

Y = 4.78 - 0.02X (5) 

Equation (5) linearly correlates to the value of the 
potentiometer and shows the value in degrees, which 
represents the reference.  

 
4.3.  Graphical outcomes  

 
Once data batches collected in test platforms were 

converted and adjusted through the mathematical modeling 
described above, their graphics were created in order to ease 
the theoretical analysis and provide the most relevant 
information about tests. 

With an angular velocity of 1 rad/s, a high performance 
of the sensor can be seen in terms of the potentiometer. This 
is the system reference, as can be seen in Fig. 4. 

A 1 rad/s velocity is of interest for this research as the 
upper-limb motion of a human body is usually placed within 
this velocity range. However, some tests were made with 
velocities of 2, 3 and 4 rad/s (Fig. 5), which presented similar 
behavior to the motion tracing but with an increase in the bug 
by the inertial sensor due to drift bias from the gyroscope [18-
19] and white noise added by magnetic materials to the 
magnetometer signals [20]. 

Finally, the behavior of the system was analyzed with a 
higher velocity of 5 rad/s (see Fig. 6) supposing an abrupt 
movement infrequent in human upper limb biomechanics. 
However, from a technical point of view, it is interesting to 
analyze this in order to determine the effective response of 
the system, even in extreme cases or when some kind of 
abuse in its correct use can be presented. 

 

 
Figure 4. Lowest angular velocity – 1 rad/s. 
Source: The authors. 

Figure 5. Behavior with angular velocities of 2, 3 and 4 rad/s. 
Source: The authors. 

 

 
Figure. 6. Highest angular velocity - 5 rad/s. 
Source: The authors. 

 
Furthermore, graphic and mathematical information can 

be merged in real time to determine other system behaviors, 
such as parasitic noises, deviations in measurements or even 
sensor calibration according to the variables imposed by the 
environment. 

 
4.4.  Quantitative analysis of variables 

 
The root mean square error (RMSE) was used to quantify 

the difference of the value of the angles between the reference 
information (potentiometer) and the estimate using the 
inertial sensor. This can be seen in eq. (6) and (7). 
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Table 2 
Outcomes 

Standard 
Velocity 

1 rad/s 2 rad/s 3 rad/s 4 rad/s 5 rad/s 
Number of 
samples 

218 353 244 244 244 

Potentiometer 
maximum value 

125.6° 125.6° 125.2° 125.6° 125.9° 

Potentiometer 
minimum value  

36° 35.5° 33.9° 33.9° 33.5° 

Sensor maximum 
value 

123.9° 123.6° 123.7° 124.2° 123.9° 

Sensor minimum 
value 

37.3° 36.3° 36.12° 36.2° 36° 

RMSE 2.14° 3.3° 4.9° 6.4° 7.7° 
Source: The authors. 

 
 
݁ሺ݊ሻ 	ൌ ௣௢௧௘௡௧௜௢௠௘௧௘௥ሺ݊ሻߐ 	െ	ߐ௦௘௡௦௢௥ሺ݊ሻ  
 

(6) 
 

  

RMSE =  ට
ଵ

௞
∑ ݁ଶሺ݊ሻ௞
௡ୀଵ  (7) 

 
where k represents the number of samples taken with both 

systems and n, represents a sample in a time slot. 
Table 2 summarizes the collected data using the tests 

platform that allowed the information and the performance in 
both systems in different circumstances to be characterized.  

 
5.  Conclusions 

 
According to the results obtained in the tests, and taking 

into account their exactness in terms of the reference system, 
it becomes possible to identify that the system provides high 
efficiency in normal movements (from 1 and 2 rad/s), 
showing stability and reliability. However, projecting the 
implementation of a filter or estimator is necessary as it 
allows for the drift problem of the inertial sensors to be 
controlled, as well as the removal of white noise added to the 
signal during capture.  

The results obtained through calibration and validationare 
sufficiently accurate, in terms of the data generated by an 
MPU-9150 sensor, to continue developing the capture and 
biomechanical data analysis platform that is used for 
telerehabilitation purposes. This is proposed in [5]. Also, the 
technology used is ergonomically enhanced, accurate, and 
has an easy handling option for any technical medical user.  
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Abstract 
Thermal barrier coatings (TBC) were manufactured by thermal spraying of  CoNiCrAlY and YSZ powders, which constituted the bond coat (BC) 
and top coat (TC), respectively. The BC was deposited on stainless steel substrates by a high velocity oxygen fuel (HVOF) system whilst the TC was 
deposited on the BC by an atmospheric plasma spraying (APS) gun .TBCs were heat treated at 1200 °C for 8 and 16 h in order to determine the 
evolution of the residual stress state as a function of time. The residual stress profiles were obtained by employing the Modified Layer Removal 
Method (MLRM) and an adaptation of this for bilayer coatings called Modified Layer Removal Method for Duplex Coatings (MLRMDC). It was 
observed that as the exposure time was increased, the compressive residual stresses increased, which was more noticeable in the BCs. The TBCs 
without heat treatment revealed tensile residual stresses. 
 
Keywords: thermal barrier coating, residual stress, modified layer removal method, thermal spraying, Modified Layer Removal Method for Duplex Coatings. 

 
 

Estudio de la evolución del perfil de esfuerzos residuales en recubrimientos 
barrera térmica depositados sobre acero inoxidable AISI 304 

 
Resumen 
Se fabricaron recubrimientos barrera térmica depositando polvos de CoNiCrAlY y YSZ, los cuales constituyeron las capas de enlace y superior, 
respectivamente. La primera se depositó sobre el acero inoxidable AISI 304 mediante un sistema de oxígeno combustible de alta velocidad; mientras 
que la segunda se depositó mediante un sistema de rociado por plasma atmosférico. Los recubrimientos se trataron térmicamente a 1200 °C por 8 y 16 
h con el fin de determinar la evolución del estado de esfuerzos residuales en función del tiempo. Los perfiles de esfuerzos residuales se determinaron 
empleando el método de remoción de capa modificada y una adaptación de éste para recubrimientos bicapa, llamado método de remoción de capa 
modificada para recubrimientos dúplex. Se encontró que conforme el tiempo de exposición se incrementó los esfuerzos residuales de compresión 
incrementaron, siendo más notorios en las capas de enlace. Los recubrimiento sin tratamiento térmico revelaron esfuerzos residuales de tensión. 
 
Palabras clave: recubrimiento barrera térmica, esfuerzos residuales, método de remoción de capa modificada, rociado térmico, método de 
remoción de capa modificada para recubrimientos dúplex. 

 
 
 

1.  Introduction 
 
Thermal barrier coatings (TBC) are commonly employed in 

hot sections of aeronautic and land turbines to provide protection 
against hot corrosion and oxidation of critical components [1,2]. 
                                                      
How to cite: Yáñez-Contreras, P., Barceinas-Sánchez, J.D.O., Poblano-Salas, C.A., Medina-Flores, J.M., García-García, A.L. and Domínguez-López, I., Study of the evolution 
of the residual stress state in thermal barrier coatings sprayed on AISI 304 stainless steel. DYNA, 83(197), pp. 160-166, 2016. 

A TBC is formed by two layers of different materials deposited 
on a metallic substrate. The external layer, also known as the top 
coat (TC), is commonly formed by ytria stabilized zirconia (YSZ), 
a ceramic with low thermal conductivity, good thermal-shock 
resistance and a relatively low thermal expansion coefficient [3-
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5]. On the other hand, the layer in contact with the substrate, 
known as the bond coat, is normally fabricated from a MCrAlY 
alloy (M = Co, Ni, or Co+Ni). Such a layer promotes good 
adherence of the TC to the substrate, as it has a thermal expansion 
coefficient similar to that of the substrate [7]. It also provides 
protection against oxidation [5,8] and hot corrosion [2,8] by 
forming a stable alumina thermally grown oxide (TGO) at the 
interface with the TC. TBCs can be processed entirely by thermal 
spraying; the BC is normally produced by employing the HVOF 
process, whereas the ceramic TC is fabricated by high temperature 
processes, such as atmospheric plasma spraying (APS). Both 
processes are cost-effective and produce good quality TBCs[9]. 

Residual stresses are always present in thermal spray 
coatings. They are produced by two known mechanisms: i) 
quenching of splats after impact the substrate and restricted 
contraction of them by adherence to the substrate; and ii) 
differential thermal expansion of the coating and the substrate 
during cooling. The stress state of a coating is important as it has 
a strong influence on its mechanical properties, which, in turn, 
affect its performance and durability [10, 11]. According to 
Widjaja et al. [12], the final stress state of a TBC is influenced 
not only by quenching of splats and thermal mismatch but also 
by phase transformation during coating deposition. 

In the HVOF process the particles projected onto the substrate 
reach high velocities, and temperatures lower than those measured 
in the APS process, which in contrast produces a low velocity and 
high temperature plume, adequate for the deposition of ceramic 
powders. Despite those differences, it has been suggested that the 
coatings processed by each process to make a TBC, i.e. the BC 
and TC, respectively, have a compressive residual stress state [13], 
which opposes to the tensile stresses that are responsible for 
coating delamination during service [14]. 

Another important variable when processing a TBC by 
thermal spraying is substrate roughness. A substrate having 
high roughness promotes a compressive residual stress state 
in the BC, which improves the cracking resistance of the TBC 
[15]. Therefore, it is important to promote a compressive 
stress state in a TBC as a tensile stress state increases the 
coating susceptibility to delamination and cracking [16]. 

During the last decade, different techniques have been 
proposed to study the final stress state of TBCs that are produced 
by thermal spraying: x-ray diffraction [6, 16], indentation [17], 
finite element simulation [18, 20], material removal [21,22], 
hole drilling [23], 3D imaging correlation [24], and curvature 
evolution [17]. In this work, the residual stress state was 
evaluated by employing the Modified Layer Removal Method 
(MLRM) [25]. The method is based on the monitoring of strains 
in the coating after removing thin layers by fine grinding. This 
technique was developed for mono-layer systems; however, the 
method has also been employed in duplex systems but only 
considering the physical properties of one material in the 
calculations [21]. Here, the MLRM technique was modified in 
order to calculate the residual stress state of a TBC employing 
the physical properties of the BC and TC substrates. This 
modified procedure was named as the Modified Layer Removal 
Method for Duplex Coatings (MLRMDC). A comparison of the 
residual stress state of a TBC, with and without heat treatment at 
1200 °C, obtained by employing the MLRM and MLRMDC 
methods, is presented in this work.

2.  Materials and Methods  
 
In this investigation, the MLRM and MLRMDC methods 

were used to calculate the residual stresses profiles of TBCs 
prior and after heat treatment at 1200 °C for 8 and 16 h. The 
following section describes each experimental stage. 

 
2.1.  Deposition of TBCs 

 
Three TBCs were deposited on stainless steel AISI 304 

substrates of 25.4 mm X 25.4 mm X 6.35 mm in size. The BC 
and TC were obtained by deposition of powders of a 
CoNiCrAlY alloy (AMDRY 9954, Co32Ni21Cr8Al0.5Y), and 
yttria stabilized zirconia (NS-204, YSZ), respectively: both 
from Sulzer Metco. Before deposition, the substrates were 
cleaned with acetone and grit blasted by an air stream carrying 
alumina particles that impacted at a 45° angle at a distance of 
200 mm, they were then re-cleaned with acetone; the surface 
roughness (Ra) ranged from 3 to 7 µm. The BC was deposited 
by a HVOF system, model DJH2700 by Sulzer, with a powder 
feed rate of 38 g/min and a distance of 203 mm. The mean 
thickness of this layer was 180±5 µm. On the other hand, the 
TC was deposited by an APS system, model 9MB by Sulzer, 
with a powder feed rate of 45 g/min and a distance of 120 mm. 
The potential and current of the gun were set at 67 V and 600 
A, respectively. The mean thickness of this layer was 120±3 
µm. Each layer was built-up applying 16 passes at a gun lateral 
displacement speed of 1.5 m/s. Table 1 shows the pressures and 
flow rates of the gases employed. 

 
2.2.  Heat treatment of coatings 

 
Once the TBCs were deposited, two samples were heat 

treated at 1200 °C using a closed muffle (by Nabertherm) in 
argon atmosphere, one for 8 h and the other for 16 h, Table 
2. The heating rate was 6 °C/min. The sample without heat 
treatment (WT) was used for comparison. 

 
2.3.  Fixing and soldering of strain gauges 

 
After heat treatment, the back faces of the samples were 

carefully ground and cleaned to eliminate oxide and dirt, thus 
ensuring an adequate attaching of the strain gauges. These 
devices were supplied by Vishay Precision Group Inc. 

 
Table 1. 
Pressure and flow rate of the gases. 

 HVOF Pressure (bar) Flow rate (SLPM) 
Oxygen 10 154 
Propane 8.9 38 
Air 6.8 294 
APS Pressure (bar) Flow rate (SLPM) 
Argon 5.2 42 
Hydrogen 3.4 7 

Source: The authors 
 

Table 2. 
Heat treatment of samples. 

Sample  Temperature (°C) Time (h) 
8H 
16H 
WT 

1200 
1200 

Without treatment 

8 
16 

 

Source: The authors    
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(model CEA-09-125UT-350). The gauges were joined to 
connecting wires by applying a tin-based solder. The 
connection verification and strain measurements were 
carried-out by means of a strain meter model P3500, also 
provided by the same supplier. 

 
2.4.  Residual stresses determination by MLRMDC 

 
The method followed for the removal of thin layers of the 

TBC coating is described elsewhere [21,25]. The physical 
properties of all materials involved were considered when 
determining the residual stresses; stainless steel AISI 304 for 
substrate, CoNiCrAlY for BC, and YSZ for TC, Table 3. 

The mathematical analysis of the stresses was performed 
using only a quarter of the sample, as shown in Fig. 1. The 
force and momentum acting on the removed layer along and 
around the X axis are Fx and Mx, respectively. Thickness of 
the removed layer, remaining layer, substrate, BC, and TC 
are h, h’, H, hBC y hTC, respectively. The strain gauge was 
attached on samples’ back face; bx and by are half of both 
length and width of the actual sample. Plane located at z = 0 
is the interface substrate/BC. 

Strain changes of the remaining part of the sample, after 
removing a thin layer by fine grinding, are given by: 

 

ݔߝ ൌ 0ݔߝ ൅ ݕߝ						and				ݖݔ݇ ൌ 0ݕߝ ൅  (1)  				ݖݕ݇

 
Where k୶୸ and k୷୸ are sample curvatures. 
 
For a plain stress state, the stress-deformation equation is 

given by: 
 

൜
ݔߪ
ൠݕߪ ൌ ´ܧ ൤1 ݒ

ݒ 1൨ ൜
ݔߝ
 ൠ    (2)ݕߝ

 
Where	Eᇱ is a relationship that involves the Young 

modulus, and  the Poisson ratio of the materials. 
Eୱ
,  is the Young modulus of the substrate, E୆େ

,  of the BC, 
and E୘େ

,  of the TC: 
 

Es
, ൌ Es

ሺ1െvsሻ
, E

BC

,
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		   (3) 

 
Where E୲	

,  is the overall Young modulus of the TBC:  
 

Et	
, ൌ 	EBC

, ൅ ETC
,       (4) 

 
If ∑h ൒ h୘େ, then E୘େ

, ൌ 0, but if ∑h ൒ h୘େ ൅ h୆େ then 
E୘େ
, ൌ E୆େ

, ൌ 0. 
 
 

Table 3. 
Physical properties of the TBC materials. 

Property 
 

CoNiCrAlY [26] YSZ [10] AISI 304 [27] 

Young modulus 
(GPa) 

200 70 200 

Poisson ratio 0.30 0.23 0.29 

Source: The authors 
 

 
Figure 1. Schematic representation of the TBC indicating the removed layer. 
Source: The authors 

 
 
Where ∑h is the sum of the thickness of removed layers. 
The resulting forces and momenta along and around x and 

y axes are F୶ᇱ  and	F୷ᇱ , and M୶
ᇱ  and	M୷

ᇱ , respectively, which are 
related with the stresses by means of eq. 5: 
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Substituting equations (1) and (2) in (5) results: 
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Using eq. (1) and the deformations measured by the strain 
gauges, equations for ߝ௫଴ and	ߝ௬଴ can be derived: 
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݄´െܪ
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ሺ7ሻ	
 
Substituting eq. (7) in (6) to eliminate ε୶଴ and	ε୷଴; thus 

eq. (8) is obtained: 
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Where σ୶୐ and σ୷୐ are the stresses of the removed layer.  
 
Equations (6) and (8) are substituted in (7) in order to 

obtain 4 equations with 4 variables, 2 stresses and 2 
curvatures. This is undertaken in terms of deformation 
changes and sample properties. Thus, the following is 
obtained: 
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Equation (9) shows the  equation system to be solved for 

the stresses of the removed layer, σ୶୐ and	σ୷୐, and changes 
in the curvatures, k୶ and	k୷. Equation (7) is used to calculate 
ε୶଴ and	ε୷଴. Then, the residual stresses on the remaining part 
of the sample can be calculated by eq. (2). 

 
3.  Results and Discussion  

 
Different residual stresses are developed during the 

fabrication of TBCs by thermal spraying. A compressive 
stress state is first developed on the substrate front face when 
its surface is prepared by grit blasting. As the BC is 
deposited, a tensile residual stress is developed by particle 
quenching and restricted contraction on the substrate [5], and 
finally, when the TC is deposited, a mixed stress state is 
developed due to the significant difference in thermal 
expansion coefficients between both layers. Compressive 
residual stresses are developed in the TC, whereas the BC 
develops tensile residual stresses [28]. 

The residual stress profiles that were calculated by the 
procedure described in section 2.4 are presented in Figs. 2 
and 3. Fig. 2 shows the residual stress profiles, obtained by 
MLRMDC, for the samples that were heat treated at 1200 °C 
for 8 and 16 h, and for that without heat treatment. The plots 
show how the residual stress varies from the TC surface to 
the substrate.  

For the sample without heat treatment (WT-DC), an 
almost zero residual stress was measured on the TC surface, 
which agrees with what was reported by Lima et al. [21] and 
Weyant et al. [6]. This stress state resulted from the balance 
between the compressive and tensile stresses in the coating. 
The former stress is promoted by the large difference of 
thermal expansion coefficients of YSZ and CoNiCrAlY, 
whereas the latter is produced by rapid quenching of flying 
particles when impacting the substrate and previously 
deposited layers. At an approximate depth of 250 m, within 
the BC, a residual tensile stress of 20 MPa was measured. 
Such behavior has also previously been reported by other 
authors [21, 29]. In this case, a dominant effect of quenching 
stress in the bond coat was evident. As the measurements 
approach the substrate, the stress state tended, once again, to 
be zero, and the residual stress measured within the substrate 
was compressive. Although the results obtained by the 
MLRMDC method in this work showed a similar behavior to 
those reported in the literature employing the MLRM 
procedure [21], the magnitude of the measured stresses was 
different for each technique. This behavior could be due to 
the different processing conditions employed in each case 
(substrate, fuel and spraying distance). 

The residual stress profile of the TBC that was heat-
treated at 1200 °C for 8 h (8H-DC, Fig. 2) also showed a 
near zero stress at the TC surface. From 50 m only 
compressive stresses were measured. The highest residual 
stress (-19 MPa) in the coating was located within the BC, 
whereas a further increase, up to -40 MPa, was measured in 
the substrate. The residual stress profile of the TBC that was 
heat-treated at 1200 °C for 16h (16H-DC) revealed a stress 
of -18 MPa on the TC surface, which increased as the depth 
was increased. The profile of this sample showed the same 
trend as that of the sample treated for 8 h, but the magnitude 
of the stresses was higher; this behavior has also been 
reported by Khan et al. [3]. These authors reported an 
increase in compressive residual stresses of a TBC as the 
exposure time at high temperature was increased. The TBC 
that was heat-treated for 16 h also showed a maximum 
compressive residual stress (-58 MPa) within the BC at a 
depth of 250 m. The substrate showed a larger 
compressive residual stress of -78 MPa. A BC having a 
large residual compressive stress promotes good adherence 
of the TBC to the substrate; therefore, an increased 
adherence is expected in heat-treated samples compared to 
that of the as sprayed counterpart. Also, a TBC having a 
compressive residual stress state shows higher resistance to 
cracking and delamination in service [15]. The operating 
temperature of aeronautic and land turbines are higher than 
the testing temperature employed in this work (1200 °C). 
This testing temperature was selected as in a future 
investigation the residual stress profiles of TBCs, affected 
by chemical attack of calcium magnesium alumino-silicate 
(CMAS), will be calculated by MLRMDC. CMAS attack 
normally occurs between 1100 and 1200 °C on TBCs in 
aeronautic turbines exposed to volcanic flying ashes or SiO-
based sand. 

Fig.3 shows the evolution of residual stress calculated 
by MLRM and MLRMDC as a function of depth. A similar 
behavior of the evolution of residual stress was observed for 
both methods for the substrate and BC. However, the stress 
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magnitude for the TC was slightly different. Fig. 4 shows a 
magnified view of the residual stress profile calculated for 
the TC. The residual stresses on the surface of the samples 
without heat treatment and heat-treated for 8 h showed a 
difference smaller than 1 MPa, whereas for the sample heat-
treated for 16 h the difference was about 2 MPa, which 
represents a dissimilarity of 15 % between both methods. 
The difference of the residual stress profiles, calculated by 
both methods for the TC, can be explained by the fact that 
the MLRMDC procedure takes into account the physical 
properties of the substrate, BC, and TC, whereas the MLRM 
only considers the physical properties of the substrate and 
TC.  

This work should be regarded as an exploratory study 
aiming to provide an initial insight into the results obtained 
by MLRM and MLRMDC. This is why only one sample 
per condition was studied. A larger number of samples 
need to be studied in order to assess the error involved in 
each measurement and unambiguously determine if there 
is a statistically valid difference between both methods 
when calculating the residual stress profile through the TC. 
Nonetheless, it seems that the MLRM underestimates the 
magnitude of the stresses within the TC. 

 

 
Figure 2. Evolution of residual stress, obtained by MLRMDC as a function 
of depth for samples with and without heat treatment. 
Source: The authors 

 
 

 
 
Figure 3. Residual stress profiles for the TBC obtained by MLRM and 
MLRMDC. 
Source: The authors 

 
 
Figure 4. Comparison of the residual stress profiles in the TC calculated by 
MLRM and MLRMDC. 
Source: The authors 

 
 

4.  Conclusions 
 
The evolution of residual stress state in the TBCs 

(YSZ/CoNiCrAlY), fabricated by thermal spraying, was 
obtained by employing the modified layer removal method 
for duplex coatings (MLRMDC). This method resulted in 
residual stress profiles similar to those obtained by MRLM, 
which is a procedure regularly reported in the literature to 
determine the residual stresses of coatings manufactured by 
thermal spraying. The results obtained employing both 
methods are in good agreement with those reported in the 
literature. The effect of heat treatment at 1200 °C on the 
evolution of the residual stress profiles was also studied here. 
It was also demonstrated that an increase in soaking time at 
high temperature eliminates all tensile stresses in the TBCs, 
which results in compressive stresses after heat treatment. 
This, in turn, may enhance the adherence and delamination 
resistance of the coating in service. Until this point, it seems 
that the MLRM may be underestimating the magnitude of the 
compressive stresses within the TC. 
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Abstract 
This article proposes procedures for the construction of base matrices grounded in algebra and geometry. These base matrices serve as a platform 
to generate the parity check matrices for debugging in bursts erasure through LDPC codes by superposing the base matrices and movements of 
circulant matrices. The construction of the matrices is performed by concatenation as it is easy to implement and has a lower randomness. To 
demonstrate the potential of the technique, we developed a number of simulations using low complexity encoding as well as the sum-product 
algorithm. Several LDPC codes (matrices) were generated and the results were compared with other approaches. We also present the outcomes 
of erasure recovery simulations that result from the transmission of an image through a noisy channel. 
 
Keywords: Low-density parity-check codes, burst erasure correcting codes, burst erasure channels, erasure-correcting codes, matrix by 
superposition, Information and Communications Technologies (ICT's).  

 
 

Corrección de borrado en ráfaga utilizando códigos LDPC 
construidos sobre matrices generadas por grupos combinados, 

polígonos anidados y matrices circulantes superpuestas 
 

Resumen 
En este artículo son propuestos procedimientos para la construcción de matrices base embazado en el álgebra moderna y en la geometría. 
Estas matrices sirven de plataforma para generar las matrices de verificación de paridad en la corrección de borrado en ráfaga a través de 
códigos LDPC, por medio de superposición en las matrices base y movimientos de las matrices circulantes. La construcción de las matrices 
es realizada por concatenación, siendo de fácil implementación y de menor aleatoriedad. Para demonstrar el potencial de la técnica, fue 
elaborado un conjunto de simulaciones que utiliza codificación de baja complejidad, bien como algoritmo soma y producto. Fueron 
generados varios códigos LDPC (matrices) y los resultados obtenidos comparados con otros abordajes. Son también presentados los   
resultados de la simulación de la recuperación de borrados resultantes de la transmisión de una imagen a través de un canal ruidoso. 
 
Palabras clave: Códigos de baja densidad, Códigos de corrección de borrado en ráfaga, Canales de borrado de ráfaga, Códigos de La 
corrección de errores, matrices superpuestas, Tecnologías de la Información y Comunicaciones (TIC’s) 

 
 
 

1.  Introduction 
 
Currently, information technologies (ICTs) are active in 

all the social events that use media as a form of 

                                                      
How to cite: Sousa-da Silva, C.A. and Pelaes, E., Burst erasure correction using LDPC codes constructed on base matrices generated by matched groups, nested polygons and 
superposed circulant matrices. DYNA 83(197), pp. 167-174, 2016. 

communication.  From large corporate business [1-3] to 
hydrographic ecosystems analysis [4], ICTs are used as a 
great way to communicate and present scientific conclusions. 
The huge explosion of the use of these electronic media is 
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partly due to the popularity of HDTV [5] and the 
transmission of data via the internet. Over the last few years 
a new modality has been becoming more popular in these 
transmissions and contributes to a real communication: real-
time transmissions.  The goal of a communication system is 
to transmit a message through a communication channel so 
that the receiver can retrieve the message with a given 
criterion of fidelity. Nevertheless, a real communication 
system faces various problems, especially certain 
disturbances that are introduced by the media. These generate 
erasure during transmission across the channel due to several 
physical variables imposed by the channel [1]. 

Recent research suggests that on a variety of networks, 
packet losses occur in bursts [7-10]. As such, many bits lost 
during the transmission of messages through the channel 
cause long decoding delays and other message processing in 
the receiver. The application of LDPC codes to correct these 
lost and unrecognizable bits in burst has been widely used 
[6,11-12]. 

To detect unrecognizable symbols produced by deleting 
channels, block codes are typically used as error detection 
codes in memoryless channels. Recently, LDPC codes have 
been used for erasure-correcting memory [15-16]. Low-
Density Parity-Check code (LDPC) is a linear block code C 
(n, k) with a rate k/n that is defined by a sparse parity check 
matrix H (n-k) × n. This uses the interactive algorithm for 
decoding known as belief propagation or sum-product (SP) 
[16] that is currently being used to correct erasure in bursts 
[17,11-14]. 

In this work, we consider a burst erasure channel (BuEC) 
in channels with memory, as is defined in [7]. The transmitter 
sends n binary symbols through the channel, but in the 
receiver, the received symbols ri (0 ≤ i ≤ n-1) can be deleted. 
Since we assume an ideal detector for burst noise, these burst 
noises give rise to burst erasures. We can measure the 
effectiveness of a given burst noise code by a single 
parameter: the maximum resolvable erasure-burst length, 
Lmax. This parameter is defined as the maximum length of 
deletion, and as so the interactive decoding is able to retrieve 
it regardless of its position within the codeword [25]. 
Furthermore, we assume that the deletions occur in a single 
burst. Yang and Ryan [8] developed an efficient algorithm to 
determine Lmax in terms of bits. The efficiency η(H) of an n-
length code with rate k/n is defined as the ratio between its 
Lmax and the information transmitted, namely: 

 

  max(H) L
n k

 


    (1) 

 
In this paper we investigate the possibility of constructing 

an LDPC code capable of performing a successful decoding 
of erasure and bursts through the construction of a parity-
check matrix H less random. In order to do this, the burst 
erasure efficiency of the check matrix η (H) is determined 
from the concatenation of new base matrices superposed by 
circulant matrices. In Section 2, we present the mathematical 
fundaments used in the construction of the binary matrix that 
will be used as a platform matrix. In section 3, we present the 
procedures for constructing the platform matrix and the 
algorithms that generate the parity-check matrix used for 
decoding LDPC codes. Finally, Section 4 details findings and 

conclusions found in the analysis and performance of LDPC 
codes that were implemented by the proposed matrices. 

 
2.  Base matrices 

 
The base matrix is a sparse binary matrix that uses the 

superposition of other matrices in its non-zero entries to 
construct the parity-check matrix of a code [19]. To decode 
burst errors, in this work, we propose two base matrices that 
are grounded on the construction of geometrically uniform 
signs matched with groups [20], [22] and on the formation of 
Nested Polygons based on Davis [23]. 

A signal constellation S is any discrete subset in �n. The 
elements of a signal constellation S are called signal points. 
A Euclidian-space code is a subset of, SI where  ZI . 

The diversity of a communication system can be 
increased by using specific signal constellations by means of 
ASK modulation diversity MPSK M-QAM, MFSK [20]. 
This diversity can be defined as the minimum number of 
distinct components of the two vectors in an ܵ  ݊-dimensional 
signal constellation, or a minimum Hamming distance in ܵ. 
Geometrically, the action of a rotation in ܵ constellation 
characterizes the modulation diversity so that there are a 
maximum number of distinct components. 

The signal constellations obtained via rotation are known 
as rotated signal constellations. In ݊-dimensional Euclidean-
spaces the constellations can be characterized as a lattice in 
the cubic form of the type Ժ݊. Thus, an ݔ point of the rotated 
constellation is obtained by the action of an �-matrix in the 
	.�nሽ	vector, that is, the set of points {x = u�, u ∈-ݑ

Loeliger in [20] and Forney in [22] proposed algebraic 
procedures to obtain 2PSK 3PSK, 4PSK signal constellations 
matched to additive groups from the additive structure of the 
signal fields that are matched to groups (3, 4, 6). These 
procedures were based on the classical results of modern 
algebra (Lattices). It is assumed that the reader is familiar with 
notions like group theory, subgroups, lateral classes, 
homomorphisms, etc., which comprise the theoretical 
background that is necessary to be able to comprehend this text. 

A signal constellation S is geometrically uniform [19], if 
s1, s2 ∈	S  exist φ ∈	Isom(n) such that φ(s1) = s2  and  φ(s) = 
s. If Г(S) = {φ ∈	Isom(n): φ(s) = s}, then S  is an orbit of any 
point s0 ∈	S 

under Г(S), that is,  
 

       
 

0 : .
S

S s S s


  


     

 
A block code with the same type of energy [23] is any 

finite signal constellation on a sphere that generates n  as a 
vector space, which we denote by α. The number of signal 
points or codeword end d is the quadratic minimum distance 
of S. In particular, when an S spherical code is geometrically 
uniform we say that S is a uniform constellation. This is 
introduced by Slepian in [23] who uses the group codes name 
for the Gaussian channel; it is generalized by Forney [19] for 
any signal constellation. 

A signal constellation S is matched with a group G if there 
is a µ-mapping µ of G over S, such that [17]: 

 
1( ( ), ( )) ( ( ), ( )), ,  d g h d e g h g h G         (2) 
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where (., .)d  is the quadratic Euclidean distance and “e” 
describes the unit of G.. 

The µ-mapping is called a matched mapping. When µ-
mapping is a matched labelling, that is, if G is isomorphic to 
G(S), then µ is an isometric labelling. Let be C a linear code 
over m 

of length n,  [17] then we can define the following: 
 

  1
1

: , , ...,
n

n j j
j

nC c c A B 


 �R   (3) 

 
where, 
 

 
2 1

2

2 2
cos , sen ,

jj j
j j j j

j

bc c
A r r B

bm m

       
     

         
        (4)  

 
and {b1, b2,..., b2n}  is an orthonormal base in 2. Matrices 

Aj
 
and Bj are coordinates of constellation points. Note that rj  

is just an energy parameter that depends on  j  but not on the 
codeword. In general, we take r j= 1, for every j = 1,...,n. The 
mapping ϕ  is called canonical mapping. 

The first base matrix (5) is constructed by connecting the 
geometric signal points of the vertices of the antiprism matched 
with 6. [20] shows this algebraic geometric association starting 
from steps linking the points of polyhedra (prism and antiprism) 
to the d-chain developed from a subgroup of G. The matrix (5) 
expresses, in general, the mapping applied between the 
matched antiprism with a signal constellation (remainder 
classes or dihedrons) and a canonical base of n. Fig. 1 shows 
the matched antiprism with the 6 group. 

 

 

(5) 

 

Figure 1.  Antiprism matched with 6Z  

Source: The authors 

Figure 2 Nest formed by two squares and one hexagon. 
Source: The authors 

 
 
The second matrix is based on the construction of a "nest" 

formed by an octagon and two squares. The idea of "nest" 
comes from the proportional division of the sides of a polygon. 
Davis [21] constructs these nested polygons by connecting the 
dots of this division; the second polygon is formed by 
connecting the points generated by the first polygon, the third 
polygon is constructed analogously, and so on. Fig. 2 shows the 
nest formed by two squares and one octagon, the division ratio 
of which is ½.The matrix is associated with that nest. 

 
 

(6) 

 
Take the matrix B=2A and then construct a C8X6 matrix 

that operates at the B columns. Using the notation Cj, j = 
{1,…,6}, we denote the six columns of the matrix C. Do:   C1 

= B1, C3 = B4, C5 = B7, C6 = B8 e  B2 + B3 = C2,  B5 + B6 = C4  

and obtain the following matrix: 
 

 

(7) 
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Deleting the sixth column and the last three rows of this 
matrix gives the following binary matrix: 

 

 

(8) 

 
3.  Construction of a Platform Matrix and a Check 
Matrix  

 
The check-parity matrix is the key element to determine 

the Lmax [14] when correcting burst erasure. The construction 
of the parity-check matrix made by Galague [16] is almost 
random, but parity matrices consisting of circulant matrices 
are systematic. They have been studied by several authors to 
design LDPC erasure codes in bursts with good efficiency 
[12], [24], [11]. In this section, we present a procedure to 
design LDPC codes to correct erasures in bursts using a 
superposition of matrices [19]. A combination of three types 
of sparse matrices is used: the base matrix, the platform 
matrix and the circulant matrix. 

Let ,  1 2M , , , vc c c  a circulant matrix of order v. When c1 

= 1 and the other values are zero, the M circulant is the 

identity matrix of order v. Thus, the vector Iv = (1, 0, ..., 0),  

with vN  will be the identity matrix generator. Using the 

notation ( )I m
v with mN , it is possible to describe modv 

circulating movements in the identity matrix Iv. The matrix 0 

represents the zero matrix of order v. The following matrix 
(6)
8I represents a circulant identity matrix of size 8 and 

movement m = 6. The zero-elements were discarded. 
The platform matrix is an auxiliary matrix that is used to 

construct the parity-check matrix. The technique developed 
for the construction of the platform matrix is that proposed 
by [14], which is made of superposed sub-matrices in non-
zero entries of the binary matrix. In this paper the sub-
matrices are called client matrices and the platform matrix is 
developed from the composition of two client matrices: the 
circulant matrix and the zero matrix, both of order v. 

A 4-cycle occurs in H if two columns of H contain non-
zero entries in the same two rows. Thus, concatenating and 
alternating circulating matrices and null matrices in the final 
construction of the parity-check matrix, the following 
algorithms will give us 4-cycle free matrices. Avoiding 4-
cycles can improve the performance of the decoded 
interaction and therefore the decoding burst [11]. 

Example 1: The following is the platform matrix pH  

that was constructed from the random superposition of the 
client matrix 

8I (1 , 0 , 0 , 0 , 0 , 0 , 0 )  in the base matrix Hb in a 5-

dimension formed by the elements: Hb (i, j) = 1 for i = j with 

1 , 5i j   in the first diagonal and 

Hb(2,1)=Hb(3,2)=Hb(4,3)=Hb(5,4)=1 in the diagonal just below and 
other null elements. In the first diagonal of Hp 

{2, , 3, 4, 5, 6}m , matrices I(2) and I(6) represent the 
movements 2mod8  and 6mod8 circulant of I8. Zero elements 
were discarded. 

 
(2)

(3)

(4)

(1) (5)

(6)

40 40

I

I I

H I I

I I

I I

p



 
 
 
 
 
 
  

 

 
We will now present two algorithms that generate parity-

check matrices using the binary matrices developed in 
section II. The first algorithm was developed to analyze and 
check performance of the following codes: LDPC 
C1(500,250); C2(1800,1200); C3(3000,1500); C4 
(4158,3465); C5(3750,3125), and the second algorithm was 
developed to construct the following codes: LDPC 
C6(1500,1200); C7 (4200,3600). The algorithm choice is 
subject to the length of the code. Algorithm 2 is mainly used 
for codes with multiple dimension values of 5. Algorithm 1 
is mainly used for other dimensions. 

Algorithm-1. This algorithm constructs a parity-check 
matrix of dimension Npv and rate ( 1) /p p  from the 
concatenation of p copies of the base matrix (5) of dimension 
N. Given a sequence  1 2, , ..., pB B B of p copies (5), the first 
platform H1 is created by superposition in B1, the second H2 
by superposition on B2, and so on. 

Step 1: Consider  1 2, ,..., pB B B   binary matrices of (5), 

with dimension  n  
Step 2: Construction of platform matrix H1: 
A) In non-zero entries of the main diagonal of B1 

substitute by Iv  

B) In non-zero entries of the diagonal immediately 

below the main diagonal of B1 substitute by Iv  and 

make (1)Iv  in at least one of the elements 

Step 3: Construction of platform matrices 2H ,..., H p : 

A) In non-zero entries of the main diagonal superpose 

Im
v  m is selected so that the sum of the movements 

of Im
v is a multiple of N. 

B) In non-zero entries of the diagonal immediately 
below the main diagonal, l repeat step 2.B  

Step 4: Superpose the matrix vO  in the zero elements of 

 1 2, , ..., pB B B  

Step 5: In the free element in matrices  1 2, , ..., pB B B , 

superpose Im
v  with any movement. 

Step 6: Construct parity-check matrix Hcheq
 free of 4-

cycles, dimension N pN and rate ( 1) /p p 

concatenating  1 2H , H ,..., H p   
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Table 1.  
Client matrix and Random Movements - Algorithm 1 

Platform  
Matrix 

D1, D2, D3, D4, D5 S1, S2, S3, S4 
 

Free  
Element (F) 

H1 I, I, I, I, I
 

I, I(1), I, I I
H2 I(2), I(3), I(4), I(5), I(6) I, I, I(1), I I
H3 I(2), I(3), I(4), I(5), I(6) I, I, I(1), I(1) I
H4 I(6), I(5), I(4), I(3), I(2) I, I, I(1), I(1) I(5) 

H5 I(8), I(6), I(5), I(4), I(2) I, I, I(1), I(1) I(6) 

H6 I(9), I(7), I(5), I(3), I(1) I, I, I, I(1) I
H7 I(7), I(5), I(4), I(3), I(1) I, I(1), I, I I

Source: The authors 

 
 
Example 2: Next, we have iH , with {1 7}i   platform 

matrices for N=5. The D1D2D3D4D5 notation represents the 
main diagonal of Hi, while S1S2S3S4 represents the diagonal 
immediately below the main one, F indicates the free 
element. Zero elements were discarded. Table1 shows some 
movements that were proposed in the client matrix I. 

In the construction of the LDPC code C1(500,250) the 
concatenations  H1H2, H1H3 and H1H4 (v = 50, p = 2, rate 0.5) 
and H1H2H3H4 (v = 25, p = 4) are produced. For the 
construction of code C2(1800,1200) (v = 120, p = 3, rate 
0.66) we used the concatenations H1H2H3 and H1H3H4 and in 
the construction of code C3(3000,1500) we used H1H4 (v = 
300, p = 2, rate 0.5). With N=5 and N=3 we construct 
analogously with small variations in client matrices, codes 
LDPC C5(3750,3125) (v = 125, p = 6, rate 0.833), and C4 
(4158,3465) (v = 231, p = 6, rate = 0.833) respectively. Next, 
we have check matrices Hb1 = [H1H4] for LDPC code 
C1(500,250) and Hb2=[P1P2] (P1, P2 auxiliaries matrices) for 
LDPC code C4 (4158,3465). Zero elements were discarded. 

 

 

1

2

(2) (2)
I    I   I I I I   

(3) (4)
I    I     I    I I    I

(1) (1) (4) (1) (6)II I I I I

(6) (5) (8) (6) (1)
I I I I I I   

(5) (5) (3)
I    I I    I I    I

(1) (4) (1) (2) (1) (5)
I I I I I I

P

P

 
 

  
 
  

 
 

  
 
    

 
Algorithm 2’s sequence of steps is analogous to 

Algorithm 1´s, differing only in the fact that the platform 
matrix 8 has a dimension of 5 and has a larger degree of 
freedom in choosing the movements of client matrices. 

Algorithm-2. This algorithm constructs a parity-check 
matrix with dimension Npv and rate ( 1) /p p   from the 

concatenation of  p copies of the platform matrix (8). Given 

a sequence  1 2, , ..., pB B B of  p copies of (8), we have: 

Step 1: Take  1 2, , ..., pB B B   p copies of binary matrices 

of (8).  
Step 2:  Construct the platform matrices 1 2 pH , H ,...,H  

attributing matrices s
( )I m
v  by superposition in  1 2, , ..., pB B B  

so that the sum of random movements is mod5. 
Step 3: Superpose matrix vO  in the null elements of 

 1 2, , ..., pB B B   

Step  4: Construct the parity-check matrix Hcheq  free of 

4-cycles, dimension 5 5p and rate ( 1) /p p 

concatenating  1 2 pH ,H ,...,H   

Example 3: Next, we have five platform matrices Gi built 

from algorithm 2, whose elements are denoted by letters 
A,B,C,D,E,F,J,L,M,  which also designate the superposed 
client matrices. Zero elements were discarded, see Table 2. 
The code LDPC C6(1500,1200) was constructed from the 
following concatenations: G1G1G1G1G1, G1G2G2G2G2 and 
G2G2G2G2G2 (v=60, p=5, rate 0.8) and code  LDPC 
C7(4200,3600) by using the concatenations 
G1G1G2G2G3G3G3 and G1G2G3G4G5G5G4 (v=24,p=7, rate 
0.857). 

 
4.  Simulation and comparison of results 

 
The purpose of this section is to show that the LDPC 

codes developed from algorithms 1 and 2 perform well when 
correcting burst erasure in BuEC and also to show that the 
parity-check matrices developed from the constructions have 
an excellent performance in correcting these erasures. 

 
4.1.  Simulations in BuEC 

 
The motivation for considering a burst erasure channel to 

model channels with memory is their simplicity as well as the 
fact that the bit loss of information, often sent, occurs in them. 
Any system where the receiver is capable of distinguishing 
long losses in bits can treat this period of failures as a burst 
erasure channel. Simulations were produced in BuEC with 
values between -2 and 20 decibels. An SP algorithm with soft 
decision was used with an error probability p = 0.01, with 100 
interactions. To analyze the performance of the LDPC codes, 
the parity-check matrices used were constructed from 
algorithms 1 and 2 from examples 2 and 3. For code 
C1(500,250), rate 0.5, we have four concatenations proposed 
by algorithm1: H1H2, H1H3, H1H4 and H1H2H3H4 with Lmax 
240, 241, 248 and 118 bits, respectively. It is observed that 
H1H4 has the best efficiency (99.2 %). It can be seen that H2, 
H3, H4 have few differences in the movements of client 
matrices contained in the main diagonal, however, H4 has a  

Gi

A C

E J

B L

D F

K M

 
 
 
 
 
 
  

(6) (5)I I I I

(5)I I I I

(1) (4)H I I I Ib1
(1) (3)I I I I

(1) (2)I I I I

 
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Table 2.  
Client matrix and Random Motions – algorithm 2

 

Platform 
Matrix 

A B C D E F J K L M 

G1 I(3) I(1) I(2) I(3) I(4) I(5) I(5) I(5) I(6) I(6) 

G2 I(6) I(6) I(6) I(6) I(6) I(6) I(6) I(6) I(6) I(6) 

G3 I(4) I(3) I(2) I(1) I(5) I(6) I(7) I(9) I(2) I(1) 

G4 I(5) I(5) I(5) I(5) I(5) I(5) I(5) I(5) I(5) I(5) 

G5 I(6) I(5) I(4) I(3) I(2) I I(3) I(2) I I 

Source: The authors 
 
 

Type code Length 
code 

Rate Lmax 
(bits) 

Efficie
ncy 

[11, N=5,p=2,v=50,pp 648 ] 
[13, Table I] 
[12, Table IV] 
[14, Margulis-Table I] 
[14, PEG IRA-Table I] 
[11, Table I] 

500 
2040 
2000 
2640 
2000 
3000 

0.5 
0.515 
0.5 
0.5 
0.5 
0.5 

248 
509 
786 
1033 
403 
1468 

0.992 
0.51 
0.786 
0.782 
0.403 
0.978 

Algorithm-1 
N=5, p=2, v=50 
N=5, p=2, v=300 
Algorithm-2 
p=2,v=300 

 
500 
3000 
 
3000 

 
0.5 
0.5 
 
0.5 

 
248 
1475 
 
1498 

 
0.992 
0.983 
 
0.999 

[12, Table VI] 
[13, Table I] 

500 
8176 

0.7 
0.753 

121 
1021 

0.345 
0.50 

Algorithm-1,  
N=5, p=4, v=25  
N=5, p=4, v=408 

 
500 
8180 

 
0.75 
0.75 

 
180 
2037 

 
0.994 
0.996 

[11, N=5,v=300] 
[13, PEG regular-Table I] 
[11, Table I] 
[11, Table I] 

1500 
4608 
4158 
16500 

0.8 
0.8752 
0.8333 
0.9 

291 
287 
682 
1648 

0.97 
0.499 
0.927 
0.999 

Algorithm-1,  
N=3, p=6, v=231 
Algorithm-2  
p=5, v=60 
p=5, v=120 
p=6, v=100 
p=6, v=550 

 
4158 

 
1500 
3000 
3000 
16500 

 
0.8333 

 
0.8 
0.8 
0.833 
0.833 

 
682 

 
296 
592 
490 
2748 

 
0.927 
 
0.986 
0.986 
0.980 
0.999 

Table 3.  
Burst Correction Properties of Selected Codes 
Source: The authors 

 
 
significantly different movement in its spare element 

F=I(5) relative to the free elements of H2 and H3, i.e. F=I.  
Fig. 3 shows the code efficiency proposed in algorithm 1 

when correcting burst erasure.  
For code C2(1800, 1200) we proposed the concatenations 

of the matrices H1H2H3, H1H2H4 developed in example 2 with 
Lmax 572 and 576 bits respectively. The best yield observed is 
the concatenation H1H2H4 which, in turn, has the matrix I(5) as 
a client matrix in its free element. In a preliminary conclusion, 
it may be said that the most "abrupt" movement of the free 
element is responsible for better code performance. 

For code C6(1500,1200), the concatenations proposed 
were the ones developed in example 3: G1G1G1G1G1, 
G1G2G2G2G2 and G2G2G2G2G2 (v = 60, p = 5, rate 0.8) with 
Lmax 290, 292, 296 bits respectively. The last concatenation 
obtained the best yield (98%). For code C7(4200, 3600), we 
obtained the following concatenations: G1G1G2G2G3G3G3 
and G1G2G3G4G5G5G4 (v = 24, p = 7, rate 0.857) with Lmax 
582, 580 bits respectively. The last concatenation obtained 
the best yield (96%). Fig. 4 shows the efficiency of the 
proposed code in Algorithm 2 when correcting burst erasure.  

 
Figure 3. Performance of  LDPC codes A=H1H2, B=H1H3, C=H1H4, length 
500, rate 0.5 in a random erasure channel; probability p=0 (solid curve) and  
p=0.01 (dotted curve).  
Source: The authors 

 
 

 
Figure 4. Performance of an LDPC with code length 1500, rate 0.8, in 
random erasure channel and probability p=0 (solid curve) and p=0.01 
(dotted curve).  
Source: The authors 

 
 
In any of the constructed codes the one that presents the 

best performance is the code which has the client matrix with 
a number that indicates the larger movement: I(6) in 
C6(1500,1200) and I(5) and I(6) in C7(4200, 3600). This 
indicates that the larger the movement of the client matrix is 
the better the decoding performance. 

For large bursts in BuEC, LDPC codes have been an efficient 
corrector for errors and erasures [20-23]. Table 3 compares the 
LDPC codes’ correction properties for burst erasure that were 
constructed in this article with previous results. Fig.  5 shows the 
performance of an LDPC code with a length of 4170 and rate of 
0833 when correcting burst errors via algorithms 1 and 2 (N = 5, 
v = 139, p = 6) in the classic bursty channel. Note that the codes 
randomly constructed and simulated here are not truly random as 
they have been optimized to avoid repeated columns and cycles 
of length 4, when possible. 
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Figure 5. The performance of LDPC codes with a 4170 length on a classic 
bursty channel with guard band erasure probabilities of p = 0 – solid curves, 
p = 0.01 – dashed curves, and p = 0.05 – dotted curves 
Source: The authors 

 
 

 
Figure 6(a): Left, a 262.144 pixel image. Figure 6(b): Right, there is a 
random simulation of the image after it passed through a channel with 
erasure. The deleted range represents the erasure probability varying from 
0.01 to 0.99 (amounting to 58.623 lost pixels) in random points of the image 
Source: The authors 

 
 

4.2. Erasure recovery in a Noisy Channel using the 
proposed code - Simulation 

 
We will now present the transmission simulations results 

through a noisy channel. In the simulation, we used the 
Lena.gif which has a size of 512X512 (262.144 pixels) and 
an LDPC code with parity-check matrices developed by 
algorithms 1 and 2. This channel sent a codeword with a 
length of 1512 and a rate of 0.8, which was adapted to the 
encoding software. The noisy channel introduces losses of 
bits in a random point in the codeword and the erased bits are 
recovered in the receiver. 

 The Lena.gif (512x512) original image is displayed in 
Fig. 6(a). The probability of channel erasure varied from 0.01 
to 0.99 in increments of 0.05. In this range, the number of lost 
or erased bits is approximately 20% to 50% of the total 
amount of bits of the codeword. Finally, with a 0.99 erasure 
probability (extremely hostile channel) we obtain a lost bit in 
a range from 90% to 98% of the codeword at the output. Fig. 
(6) shows Lena’s image in the output of the channel with the 
information erased by the channel 

The image obtained in the channel output goes through a 
recovery process by means of LDPC codes that use algorithms 
1 and 2 in the development of parity-check matrices to decode 
by sum-product. Fig. 7(a) shows the image that was retrieved  

 
Figure 7(a). Left, Image recovery via LDPC decoding using algorithm 1 
with free element F=I (56864 recovered pixels). Figure 7(b). In the central 
image, we have algorithm 1 and F= I(5) (57450 recovered pixels). Figure 
7(c). Right, algorithm 2 with client matrices alternating in I(5) and I(6)n 
(58037 recovered pixels). 
Source: The authors 

 
 

using the concatenated matrices with free element F=I. It can 
be seen that the decoder does not recover 5% of the initial 
erasure track, and in the most hostile track the decoder does 
not recover 12% of the bits transmitted by codewords. Fig. 
7(b) shows the image retrieved when F=I(5). In this case, 
regardless of the erasure track, the decoder recovers 98% of 
the lost bits. When client matrices I(5) and I(6) were used in 
algorithm 2, an efficiency of 98% recovery of lost bits is 
achieved, as Fig. 7(c) shows. Thus, we obtained the following 
result: we can see that the best performance for decoding 
comes when comparing the performance of the codes for 
which the values  F=I and F=I(5) are used for the free element 
F in the concatenated matrices, produced by the algorithm 1, 
F=I(5). 

 
5.  Conclusion 

 
In this paper, two algorithms were presented to develop 

parity-check matrices to generate LDPC codes based on the 
concatenation of base matrices superposed by circulant client 
matrices weight 2. The simulations showed that the codes 
generated by parity-check matrices that were obtained from 
the proposed base matrices and by the movements of client 
matrices showed a good efficiency in terms of the correction 
of burst erasures. Comparing H1H2, H1H3 and H1H4, it can be 
seen that the movement of the free element I(5) of H4 was 
responsible for the improvement and efficiency of the code. 
We can also arrive at this conclusion by comparing the 
concatenations proposed in example 2 by using the matrix I(6) 

as a client. Table 3 shows that Algorithm-2 (p = 6, v = 550), 
as a client, achieves the same efficiency as the construction 
proposed by Sara [11]. Although algorithms 1 and 2 are 
designed with mod 5 dimension matrices, it was possible to 
evaluate simulations with different dimensions because the 
vector of circulant matrices enables the combination of 
numbers that express non-multiple dimensions of 5. The 
proposed algorithms were used to generate LDPC codes to 
simulate erasure correction in Lena’s image, they were 
transmitted through a noisy channel, and their results were 
satisfactory. 
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Abstract 
The generation of heat in underground spaces due to working activities is a factor that influences production and productivity rates. This 
paper analyses the heat generation in an underground mine and provides a number of approaches to enhance the ventilation conditions 
using electrical, instead of diesel machines. This assessment has been carried out using theoretical equations and modelling software. 
Investigations prove that sensible and latent heat would be reduced by around 50% and 84% respectively if the change were applied in the 
case study. This reduction on heat input to the ventilation system would improve the workplace environment because of lower effective 
temperatures and gas concentrations, which would result in better safety conditions and higher employee efficiency. 
 
Keywords: mine ventilation, health and safety, efficiency, heat generation, mining equipment. 

 
 

Evaluación de los flujos de calor en una mina subterránea y enfoque 
para mejorar sus condiciones ambientales 

 
Resumen 
La actividad minera en espacios subterráneos genera un aporte de calor al sistema de ventilación que tiene influencia en los niveles de 
producción y productividad. Este artículo analiza y cuantifica las fuentes de calor en una mina subterránea y propone una alternativa de 
mejora de las condiciones ambientales mediante un cambio de los equipos diésel por maquinaria eléctrica. Este análisis se apoya en varias 
expresiones teóricas y programas para modelizar la ventilación. Los resultados muestran una reducción del calor efectivo y aparente del 
50% y 84%, respectivamente, una vez aplicados los cambios de equipos en el caso estudiado. La reducción del calor en el sistema de 
ventilación permitiría una mejora de las condiciones en el lugar de trabajo debido a una menor temperatura efectiva y del nivel de 
contaminantes, incrementado el nivel de eficiencia de los trabajadores y mejorando el nivel de seguridad. 
 
Palabras clave: ventilación subterránea; seguridad y salud; eficiencia; maquinaria minera; generación de calor. 

 
 
 

1.  Introduction 
 
Heat flow is an important aspect associated to 

underground mine ventilation, on which mining equipment 
has a significant impact. As the work goes deeper and the 
mine evolves, factors such as temperature and humidity 
become crucial to keep acceptable environmental conditions 
and fulfil the legal requirements. Besides, efficiency rates 
and safety levels are also influenced by this factor. Many 
                                                      
How to cite: Bascompta, M., Castañón, A.M., Sanmiquel, L. and Oliva, J., Heat flow assessment in an underground mine: An approach to improve the environmental conditions. 
DYNA 83(197), pp. 175-180, 2016. 

studies have been carried out regarding gases generated by 
diesel engines [1,2] and the incidence of temperature in 
underground mines [3-5]. 

The reduction of heat flow in these cases is usually 
focused on optimising the efficiency of the refrigeration 
system and cutting down its operating costs through an 
improvement of the current systems [6-10], but this important 
issue has not been approached when trying to change the 
mining equipment. Diesel equipment has an overall 
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efficiency of about one third of the electrical units. Hence, 
the usage of fuel will produce approximately three times as 
much heat as electrical machines for the same mechanical 
work output [11]. Moreover, the combustion process 
generates harmful pollutants that have to be controlled, 
especially in the mining sector where the conditions are quite 
adverse in terms of health and safety [12]. 

Apart from the type of energy source, there are other 
important factors that affect the underground air temperature; 
for instance, the outer climate, the area’s geological factors 
or the method used for mineral extraction [13].  

This paper determines these different heat inputs in an 
underground potash mine by means of empirical equations 
and modelling software. After this, the heat flow contribution 
of electrical and diesel equipment is compared in order to 
expose an alternative to improve the environmental 
conditions in an underground infrastructure. The procedure 
followed is: 

 Determination of the heat contribution of each source 
in the case study. 

 A comparison of the situation using electrical energy 
instead of diesel trucks and loaders. 

 
2.  Heat input measurement methodology 

 
The data used in theoretical equations and modelling 

software have been provided by mine staff, and measured in 
situ between 2008 and 2014 or extracted from bibliography 
in the case of the initial iterations with the software. The 
equipment features have been obtained from the 
manufacturer’s data. 

First, the airflow behaviour has been determined using 
Vnet. Fig. 1 is a scheme of the model achieved by means of 
the software. These initial results will be used to know the 
climatic conditions of the airways and the heat sources (strata 
heat, equipment and fragmented rock). 

 
2.1.  Strata heat 

 
Heat emission from the strata depends on the type of rock, 

the exploitation method and depth and length of the airways. 
However, the amount of heat transmitted decreases over 
time, the working faces being where the greatest transmission 
takes place. Sometimes, strata heat can be obtained using 
empirical methods based on other similar mines [11]. 
Unfortunately, there is no such information in this case. 

Whillier [14] exposed an equation method that defines 
two expressions depending on the time since the tunnel was 
opened. If it has been open for more than 30 days, eq. (1) is 
used to determine the radial heat flow. 

 

 
Figure 1 Modelling scheme of the mine using Vnet. 
Source: Authors. 

q ൌ 3,35 ൉ L ൉ k଴.଼ହସ ൉ ሺVRT െ θdሻ	  (1)	
 
Where q is heat flow from the strata (W); L is length of 

the tunnel (m); k is thermal conductivity of the rock 
(W/m·ºC); VRT is virgin rock temperature (ºC); θd is mean 
dry bulb temperature (ºC). Meanwhile eq. (2) is applied if the 
advance has taken place within the last 30 days. 

 
q ൌ 6 ൉ k ൉ ሺL ൅ ሺ4 ൉ DFAሻሻ ൉ ሺVRT െ θdሻ	 (2)	
 
Where L is the length of the drift dug over the last 30 days 

(m), which cannot be greater than the length advanced in the 
last month; DFA is daily face advance (m). The main 
problem from eq. (1) is to find out the period that heat is 
transferred from the strata to the air until thermal equilibrium 
is achieved. This setback has been solved by modelling the 
strata behaviour using ClimSim. The software takes into 
account the heat flow transferred to the air by radiation and 
convection methods, determining the heat flow of a circular 
tunnel for a certain homogenous rock. Heat flow 
determination is based on the radial heat conduction from 
Fourier’s equations, expressed in polar cylindrical 
coordinates (W/m2). 
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Heat transfer can be either from the strata to the air or 

from the air to the strata depending on where temperature is 
higher, this continues until there is thermal equilibrium. 
When airways have been open for a long time, a phenomenon 
called “thermal flywheel” could arise, transferring heat from 
the air to the strata during the day and the opposite at night 
[15].  

Fig. 2 explains the ClimSim functioning. First, the 
climatic variables have to be calculated or measured. Once 
the initial model is built, it has to be compared with real 
measures to validate it, applying iterations as many times as 
necessary to achieve a proper model. 

After several iterations, rock conductivity and diffusivity 
were obtained, 6 W/mºC and 5.55 m2/s·10-6 respectively. 
According to the manual, values are considered acceptable 
when there is a difference of around ±1 ºC between modelled 
and measured mean values, between 2008 and 2014 in this 
case. Moreover, the iterations have been carried out in two 
different zones and four periods of the year in order to 
achieve more reliable results. Table 1 displays the 
temperature difference once the modelling is correctly 
adjusted. 

On the other hand, Fig. 3 details the effective 
temperatures, calculated according to Spanish law 
(RGNBSM, itc 04.7.02), te = 0.9·tw + 0.1·td, where te is 
effective temperature, tw wet temperature, and td dry 
temperature. 

Subsequently, base modelling has been used to calculate 
the length of the tunnels giving heat to the airways, changing 
the variables within the software called “age in” and “age 
out”, which take into account the time since the tunnel was 
opened, until the sensible heat reaches a value of zero. In this 
case, the contribution of sensible heat to the airways is near 
zero after approximately one year. 
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Figure 2 Scheme of the ClimSim functioning based on the user’s manual 
explanation. 
Source: Authors. 

 
 

Table 1.  
Temperature comparison of two points from the ventilation layout. 

Point 1 

Period 
Dry bulb temperature ºC Wet bulb temperature ºC 

Measured ClimSim Difference Measured ClimSim Difference 
Overall 24 21.62 2.38 17 15.96 1.04 
January 19 17.60 1.40 11 12.07 -1.07 

April 25 23.07 1.93 18 15.87 2.13 
June 30 27.80 2.20 22 20.65 1.35 

October 27 24.95 2.05 19 17.77 1.23 
Point 2 

Overall 26 25.45 0.55 17 17.93 -0.93 
January 26 20.90 5.10 14 12.40 1.60 

April 28 26.20 1.80 18 18.81 -0.81 
June 31 30.70 0.30 23 22.62 0.38 

October 31 27.95 3.05 21 19.75 1.25 
Source: Authors. 

 
 
After that, it has been calculated theoretically to 

corroborate the modelled values, giving an average variation 
of only 9.97% both ways. Table 2 and Fig. 4 detail the 
behaviour of the strata heat using ClimSim. 

 
2.2.  Mechanized equipment 

 
The exploitation method determines the heat contribution 

from the equipment to the ventilation system, there being a 
huge difference in terms of heat generation between the usage 

of diesel and electrical energy. Fig. 5 describes the steps to 
determine the heat input generated by electrical machines.  

On the other hand, the efficiency of diesel machines is, 
approximately, 1/3 that of the electrical equipment and 
produces either sensible or latent heat, whereas the electrical 

 

 
Figure 3 Comparison of the effective temperatures modelled and measured 
in situ. 
Source: Authors. 

 
 

Table 2  
Behaviour of the strata modelled by means of ClimSim. 

Age in 
(days) 

Age out 
(days) 

Sensible 
heat (kW) 

Latent 
heat (kW) 

Months the tunnel 
has been open 

30 0 17.93 33.72 1 
90 60 6.00 27.28 3 
182 152 2.64 25.97 6 
365 335 0.13 25.08 12 
730 700 -1.85 24.43 24 

Source: Authors. 
 
 

 
Figure 4 Behaviour of the strata heat, either sensible or latent. 
Source: Authors. 

 
 

 
Figure 5 Scheme of the heat generated by electrical machines. 
Source: Authors. 
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equipment only produces sensible heat. The three main heat 
sources are: 1) radiator and body of the machine, 2) 
combustion gases, and 3) movement and friction due to the 
usage of the machine [11]. Its quantification can be achieved 
considering a ratio of 0.3 litres of diesel per 1 kW per hour, 
with a calorific value of 34000 kJ/litre, and producing a heat 
generation of 2.83 kW for each kilowatt of mechanical output. 

Each litre of fuel consumed produces around 1.1 litres of 
water due to combustion gases [16]. However, this value 
could be several times higher because of the refrigeration 
system. Some in situ analyses have pointed out that this ratio 
could vary from 3 to 10 litres per litre of fuel consumed, 
depending on the power and maintenance [17]. The following 
equation determines the total heat generated, which 
comprises latent and sensible heat. 

 

qc ൌ c ൉
୉ୡ

ଵ଴଴
൉ PC    (4) 

 
Where qc is heat emitted by the combustion (kW); c is 

combustible (l/s); Ec is combustion efficiency (%); and PC is 
combustible calorific value (kJ/l). McPherson [11] gives 
some references for combustion efficiency (95%), and the 
rate of liquid equivalent per litre of fuel (5). This last 
parameter is necessary to calculate the quantity of water 
generated by the combustion. 

 

W ൌ c ൉
୉ୡ

ଵ଴଴
൉ r    (5) 

 
Where W is water generated (l), and r is rate of liquid 

equivalent. After determining the water generated, the latent 
heat is obtained by taking into account a standard value of the 
water latent vaporization heat, 2450 kJ/kg, and an 
equivalency of 1:1 litre-kilogram of water. 

	
ql ൌ λw ൉ W		 	 	 	 (6)	
 
Where ql is latent heat (kJ), and λw is water latent 

vaporization heat (kJ/kg). Finally, sensible heat can be 
obtained by deducting latent heat from the result in eq. 4. 
Later on, the figures were transformed to kW in order to 
compare the values for 8 hours of work. 

 
2.3.  Fragmented rock 

 
When fragmented rock is exposed to the ventilation 

airstream and there is a difference between rock and air 
temperature, heat transference is generated following the 
expression below [11]. 

 
q୤୰ ൌ m ൉ C ൉ ሺθଵ െ θଶሻ   (7) 
 
Where qfr is heat load due to rock fragmentation (kW); m is 

mass flow of the mineral exploited (Kg/s); C is the specific heat 
of the rock (kJ/kgºC); θ1 is the temperature of the rock 
immediately after fragmentation (ºC); and θ2 is temperature of 
the fragmented rock at the exit of the ventilation system (ºC). 
Temperature θ1 can be considered equivalent to the virgin rock 
temperature with enough accuracy according to McPherson 
[11]. 

3.  Mining equipment 
 
Tables 3 and 4 detail the current mining equipment in the 

case study and the features needed to determine the heat 
input. 

 
Table 3. 
Diesel equipment characteristics. 

Type Quantity 
Nominal 

power (CV) 

Nominal 
power 
(kW) 

Consumption 
(l/h) 

Truck 22 400 294 67 
Loader 12 300 221 58 
Car 64 100 74 14 
Jumbo 3 90 66 14 
Auxiliary 
equipment 

6 88 65 14 

Source: Authors. 
 
 

Table 4. 
Electrical equipment characteristics. 

Type Nominal power (kW) Quantity 

Continuous haulage machine 
165 1 
180 1 
220 5 

Conveyors 

56 2 
110 1 
180 1 
200 2 
400 3 
600 6 

Continuous miner 529 10 
Source: Authors. 

 
 
The electrical trucks and loaders chosen have very similar 

sizes and capacities to the diesel ones. The models used were 
the Scooptram ST1030 and Scooptram EST1030 for the 
diesel and electrical loader respectively and the MT436B and 
EMT35 for the trucks. 

 
4.  Results and discussion 

 
The heat inputs described above are shown in Tables 5 

and 6, taking into account the latent and sensible heat 
contribution of each source. Table 5 exposes the results for 
the current situation (diesel loaders and trucks), whereas 
Table 6 shows the results after the change proposed; 
electrical loaders and trucks instead of diesel ones. 

 
Table 5. 
Heat input using diesel trucks and loaders. 

Source of heat Sensible heat 
(kW) 

Latent heat 
(kW) 

Contribution 
(%) 

Machines 11093 6248 73.8 
Conveyors 1072  4.6 
Continuous haulage 
machine 

145  0.6 

Miners 1455  6.2 
Fragmented rock 297  1.3 
Strata 1102 2072 13.5 
    
Total 15163 8320 100.0 

Source: Authors. 
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Table 6. 
Heat input using electrical trucks and loaders. 

Source of heat Sensible heat 
(kW) 

Latent heat 
(kW) 

Contribution 
(%) 

Machines 5609 987 51.8 
Conveyors 1072  8.4 
Continuous haulage 
machine 

145  1.1 

Miners 1455  11.4 
Fragmented rock 297  2.3 
Strata 1102 2072 24.9 
    
Total 9679 3059 100.0 

Source: Authors. 
 

As can be deduced from tables above and Fig. 6, the main 
source of sensible or latent heat is the machinery itself. 
Overall, the change of the loaders and trucks would reduce 
the contribution of heat from the mining equipment by 23%, 
and sensible and latent heat would decrease by about 36% 
and 63% respectively.  

Furthermore, Table 7 exposes the current fleet of vehicles 
using diesel and the proposal, together with their heat 
generation and the percentage variation of both options. 

 

 

 
Figure 6 Percentage variation of the different heat inputs using electrical or diesel equipment. 
Source: Authors. 

 
 

Table 7. 
Summary of the heat generated by the vehicles. 

Type Unit heat (kW) Total sensible heat (kW) Difference of 
sensible heat 

(%) 

Total latent heat 
(kW) 

Difference of latent heat (%) 

Diesel Electrical Diesel Electrical Diesel Electrical 
Truck 450.9 90 6345 1984 68.7 3574 0 - 
Loader 390.3 156 2996 1873 37.5 1687 0 - 
Car 39.3 - 1607 1 - 905 2 - 
Jumbo 25.1 - 48 1 - 27 2 - 
Auxiliary equipment 25.1 - 96 1 - 54 2 - 
         
Total   11093 5608 49.4 6248 986 84.2 

1Only loaders and trucks are changed. Thus, other diesel using equipment is added to the total sensible heat input after applying the proposal. 
Source: Authors. 

 
 
The unit heat per machine is considerably reduced using 

electrical equipment, and the results above show a huge 
difference in terms of heat generation. Besides, as fuel 
consumption would be cut down, the generation of pollutants 
such as NOx, CO or CO2 would also decrease. Taking a ratio 
of 1:1 quantity of pollutants-litres of diesel burned, the 
generation would be minimized by 88% based on the data 
used. 

Despite the considerable improvements of the 
hypothetical change, it has to be pointed out that these 
machines need a trolley or a cable in the majority of the cases 
to match the power required, reducing the flexibility of the 
vehicle fleet. Thus, a mixture of both kinds of equipment may 
be necessary. On the other hand, more research to achieve 
suitable batteries needs to be undertaken. 

 

5.  Conclusions 
 
The usage of electrical loaders and trucks decreases the 

generation of sensible heat by 49.4% and latent heat by 
84.2%. Overall, the contribution of heat from machines 
dropped from 73.8% to 51.85%. In addition, the modelling 
by ClimSim allowed us to observe the behaviour of strata 
heat in a potash mine, finding out the trend of sensible and 
latent heat in the airways. 

Apart from the electrical engines’ higher energy 
efficiency, less consumption of diesel would mean a drop in 
temperature and pollutants concentration. Therefore, 
ventilation requirements would be reduced and a better 
workplace environment could be achieved, leading to higher 
productivity and production rates. The usage of electrical 
equipment can also help to reduce the uncertainty in future 
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mining activity due to oil price variations and more restrictive 
legal requirements. 
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Abstract 
This article presents an alternative for resolving the existing vulnerability of systems that implement masking by means of chaotic 
synchronization. This system avoids detection of the parameters used as the cipher key by an attacker on implementing encryption by 
means of synchronized chaotic-phase masks of the Rössler oscillator, for encoding and establishing synchronization among transmitter-
receiver devices. In addition, it employs two ciphering keys: the first, with a recommended length of 2,048 characters, and the second, 
which is used as an initial value. Both keys are employed for continual modification of one of the oscillator’s parameters. This strengthens 
the security system and avoiding an attacker from obtaining the oscillator’s parametric values by calculating the least average 
synchronization error. The use of the system developed provides a cipher, which is resistant to statistical attacks. In addition, our system 
validates the data of the transmitter device (username, password, etc.) in order to authorize transmission. 
 
Keywords: authentication; data encryption; security; integrity; chaos. 

 
 

Comunicación punto a punto segura usando caos 
 

Resumen 
Este artículo presenta una alternativa para resolver la vulnerabilidad existente en los sistemas que implementan el enmascaramiento 
mediante la sincronización caótica,  este sistema evita que los parámetros utilizados como clave de cifrado puedan ser detectados por un 
atacante al implementar el modelo matemático caótico del oscilador de Rössler para codificar y establecer la sincronización entre los 
dispositivos transmisor-receptor;  además usa dos llaves de cifrado: la primera con una longitud recomendable de 2048 caracteres y la 
segunda se utiliza como un valor inicial. Ambas llaves se emplean para modificar continuamente uno de los parámetros del oscilador, esto 
fortalece la seguridad del sistema y evita que un atacante obtenga los valores del parámetro del oscilador calculando el error de 
sincronización promedio menor. El uso del sistema desarrollado proporciona un cifrado resistente a ataques estadísticos, además valida 
datos del dispositivo transmisor (nombre de usuario, password, etc.) para autorizar la transmisión hacia el destino. 
 
Palabras clave: autenticación; encriptación de datos; seguridad; integridad; caos. 

 
 
 

1.  Introduction 
 
The role of chaotic systems is an excellent alternative for 

information security and privacy. This is due to such 
systems’ great properties, such as high sensitivity to the 
initial conditions and to the parameters. Another interesting 
characteristic is that chaos uses frequencies that render it 
resistant to the customary filtering techniques to separate 
information superimposed on a signal [1]. In other words, a 
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message transmitted through a network can be encoded by 
chaos, using previously cited characteristics. Once 
transmitted, the information would be very difficult to 
decode, unless the receptor possesses the inverse-way 
method, considering the exact values of the parameters, in 
order to recover and be able to extract the original message 
with certainty. Some discreet chaotic systems have been used 
to cipher information, such as the technique implemented by 
Ranjan and Saumitr, in which the authors compress and 
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encode text using chaotic Logistic Map system. The authors 
employ an insecure channel to transmit the encoded data and 
another, secure channel to send the key [2]. Pareek et al. 
developed a symmetrical key algorithm for ciphering, in 
which they used multiple one-dimensional chaotic maps and 
an external key of 128 bits. Plain text is encoded sequentially 
using a set of chaotic maps in random fashion [3]. In addition, 
Pisarchik and Carmona elaborated chaotic map network-
based algorithms to encrypt images in color. These authors 
used the Logistic Map, and as ciphered keys, they used the 
parameters, the number of iterations, the number of cycles, 
and the size of the image [4]. Hossam et al. proposed a 
cryptosystem for encrypting color images or videos that 
employs a mechanism of iterative encryption, in which each 
of the image's pixels depends on a secret key, of the logistic 
map exit and of the previously encrypted pixel [5]. Chaos is 
also used in the world of medicine. Barbara et al. proposes a 
transmission method allowing electrocardiogram (ECG) 
signals obtained from a patient to be combined with 
algorithms generating chaotic signals, based on the Lorenz 
equation system [6]. Another very important technique 
employed in secure communications is the synchronization 
of chaotic systems [7-13]. Tao and Len used the Chua circuit 
to modulate a signal in a parameter in a transmitter; 
subsequently, the authors used an adaptive controller in the 
receiver to maintain the synchronization and to recover the 
signal [14]. They developed an Image Encryption Algorithm 
where logistic map and iterative equation are used, and they 
switch the position and the pixels values [15]. The authors 
also employed two different chaotic cryptography techniques 
in which they employed the logistic map to apply the 
diffusion technique, and the chaotic synchronization of two, 
coupled Rössler oscillators to apply the confusion [16]. Zanin 
and colleagues carried out a systems cryptanalysis that uses 
synchronization for encryption through message masking, 
and the authors demonstrated how to detect the parameters 
used as encrypted keys, calculating the least synchronization 
error [17]. Thus, in this work, we implemented a method to 
strengthen the security of systems that use chaotic masking, 
avoiding the detection of parameters used as the encrypted 
key. In other studies, the authors have recommended prior 
encryption of the information before employing 
synchronization, in order to avoid detection of the 
parameters, but this approach implies more time to encode 
and decode [16,17]. A security analysis was carried out on 
different Wireless Local Area Networks (WLAN), where it 
was determined that one of the risks comprises the absence 
of mechanisms of authentication [18]. The method 
recommended in this work varies the parameter according to 
the way in which the mathematical system used for 
synchronizing conducts solving. Therefore, no extra time is 
required for previous ciphering. The identification of users 
who transmit information provides greater security. Thus, in 
this work, in addition to encoding, a technique is performed 
to validate users who attempt to transmit. The remainder of 
this article is organized as follows: in Section 2, the 
methodology for developing the system used is clearly 
explained, and in Section 3, we show how the communication 
channels for transmitting encrypted information in a point-
to-point network using chaos are implemented. Later, in 
Section 4, we show the results of using tests to evaluate the 

system's functionality; we have also included a statistical 
analysis and the conclusions obtained. 

 
2.  Methodology 

 
2.1.  Chaotic synchronization  

 
Pecora and Carroll demonstrated unidirectional coupled 

chaotic systems [19], an excellent tool used in the area of 
secure communication. In this investigation, the  Rössler 
oscillator is implemented to transmit encrypted information 
employing chaotic synchronization where the Master ݉ሺݐሻ 
oscillator is described in an eq. (1) system [20], in which ݔ,
 are the system’s state variables, and the system’s ,ݖ ,ݕ
parameters are rendered by: a1, a2, a3.  

 
ݔ݀
ݐ݀

ൌ 	െሺݕ ൅  ሻݖ
ݕ݀
ݐ݀

ൌ 	 ሺݔ ൅ ሺܽ1ሻݕሻ 
ݖ݀
ݐ݀

ൌ 	ܽ3 ൅ ݔሺ	ݖ ൅ ܽ2ሻ 

(1) 

 
The Slave oscillator ݏሺݐሻ is defined by the eq. (2) system, 

where ݔ′,  are state variables and the system’s ′ݖ	,′ݕ
parameters are: ܽ1, ܽ2, ܽ3. 

 
′ݔ݀
ݐ݀

ൌ 	െሺݕ ൅  ሻ′ݖ
′ݕ݀
ݐ݀

ൌ 	 ሺݔ′ ൅ ሺܽ1ሻݕሻ 
′ݖ݀
ݐ݀

ൌ 	ܽ3 ൅ ′ݔሺ	′ݖ ൅ ܽ2ሻ 

(2) 

 
Complete synchronization is an entity between the 

trajectories of two Master-Slave systems [19, 21], which can 
be determined by the synchronization error eሺtሻ, that is 
lim
୲→∞

eሺtሻ ൌ 0, where eሺtሻ ≡ ||	mሺtሻ-sሺtሻ|| ൌ 0	[21]. 
In this study, chaotic synchronization is implemented 

using the Rössler oscillator for point-to-point communication 
in a secure manner, where the Master mሺtሻ system is used to 
encrypt in the transmitter and the Slave sሺtሻ in order to 
decrypt in the receptor; however, prior to this, these should 
be synchronized using variable y for coupling [19]. That is, 
the exit y୫ୟୱ୲ୣ୰ is coupled with the entry yୱ୪ୟ୴ୣ to ensure 
synchronization. Functioning is exhibited in Fig. 1. 

 

 
 
Figure 1. Master-Slave synchronization method.  
Source: Authors. 
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Figure 2. Transitory (trans) and stationary time determined by the 
synchronization error.   
Source: Authors. 

 
 
Prior to the synchronization, a transitory time trans 

should pass, during which the Master-Slave systems yield 
different results until the stationary time, which is when the 
exit variables x, y, z of the Master system are identical to 
those of the exit variables x', 	y', z' of the Slave system. Thus, 
the synchronization error ݁ሺݐሻ ൌ 0 and the synchronization 
itself is complete, as depicted in Fig. 2. 

When the encrypted transmitter and the receptor are 
completely synchronized, the receptor can decipher without 
any problem because both the transmitter and the receptor 
generate the same values of the variables. This technique is 
used for encoding information because it is very interesting 
that two irregular behaviors are based on a sole behavior, 
generating a chaotic orbit that is similar to noise that is very 
difficult to predict. This represents an important application 
in secure communications and cryptography. It is for this 
reason that this work was implemented. 

 
3.  System functioning 

 
The system allows for point-to-point communication 

establishing channels to encrypt and transmit information with 
greater security through the network. In addition, the system is 
more robust because the transmitter should authenticate it in order 
to permit it to send information. Next, chaotic synchronization is 
implemented by means of the Rössler Master oscillator, equation 
system (1) to encrypt the final decrypted outcome using equation 
system (2). Below are the steps to follow:  
1. The transmitter sends the name and password of the user 

to the receptor. 
2. The receptor authenticates the user’s data and the IP and 

MAC electronic addresses of the transmitter. If the latter 
are not correct, the transmission is cancelled. 

3. If it is an allowed user, the authorization is sent. 
4. The transmitter uses the algorithm to encrypt what is 

explained in Section 3.2. 
5. The information is sent. 
6. The receptor uses an algorithm of Section 3.2 for 

deciphering. 
This process is illustrated in Fig. 3. 

 
Figure 3. Master-Slave synchronization method.  
Source: Authors. 

 
 

 
Figure 4. Data encryption and transmission.  
Source: Authors. 

 
 

3.1.  Encryption with parameter variation 
 
The transmitter solves equation system (1), modifying the 

value of parameter ܽଶ that is used as the encrypting key ሺܽ2 ൌ
ܽ2଴ ൅  to avoid detection by an attacker. Once the	ሻ,ݕ݁݇
transitory time ሺݏ݊ܽݎݐሻ has passed and complete 
synchronization is initiated, the transmitter encrypts the 
information by adding up ܿ݊ܧ_݂݅݊ ൌ ݊݋݅ݐܽ݉ݎ݋݂݊ܫ ൅  .௠௔௦௧௘௥ݔ
After encrypting it together with the coupling variable 
y୫ୟୱ୲ୣ୰ so that the receptor can synchronize itself, solving 
equation system (2), modifying the parameter. After this, it 
deciphers, subtracting	Information ൌ Enc_inf-x'ୱ୪ୟ୴ୣ. This 
procedure is shown in Fig. 4. 

 
3.2.  Algorithms 

 
In this section, we describe the functioning of the 

algorithms for encrypting and deciphering an archive of text, 
but any type of information can be encrypted by dividing it 
into bytes.   

Nomenclature: 
 C: Original information, with values between 0 and 255. 
 n: Length of original information. 
 trans: Number if iterations necessary to achieve 

synchronization (transitory time). 
 l: Length of the key k. 
 Encrypting keys: 

a) ݇: External key used to modify parameter a2 and to 
encrypt the information. 

b) ܽ2଴: Initial value of parameter a2 in the chaotic 
regime.  

 
3.2.1.  Algorithm for encryption  

 
Step 1. Convert each character of the text file into its 

American Standard (ASCII) value.   
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݊݋݅ݐܽ݉ݎ݋݂݊ܫ ൌ ሾCଵ, Cଶ, Cଷ, … , C୬ሿ 
 
Step 2. Divide each element that contains the 

Information vector by 255 to obtain values between 0 and 
1. 

 
݊݋݅ݐܽ݉ݎ݋݂݊ܫ ൌ ሾCଵ, Cଶ, Cଷ, … , C୬ሿ	/255 

 
Step 3. Convert the key ݇	into its ASCII value and store 

it in the vector. 
 

ݕ݁݇ ൌ ሾkଵ, kଶ, kଷ, … , ݇௟ሿ 
 
Step 4. Divide each element of the key k by 255 to obtain 

values between 0 and 1. 
 

ݕ݁݇ ൌ ሾkଵ, kଶ, kଷ, … , ݇௟ሿ/255 
 
To vary parameter	a2 
Step 5. Calculate the value of ܽ2 by adding ܽ2଴ plus an 

element of the vector key and solve equation system (1). In 
the case of all of the elements of key having been already 
used, initiate the re-run of the vector key form the first 
position. 

 
ܽ2 ൌ 	ܽ2଴ ൅	݇݁ݕଵ…௟ 

 
Step 6. After solving the system trans times, encrypt the 

information by adding ݊݋݅ݐܽ݉ݎ݋݂݊ܫ ൅  ௠௔௦௧௘௥ and storingݔ
the result in vector ܿ݊ܧ_݂݅݊. Observe the functioning in Fig. 
5.  

Step 7. Store y୫ୟୱ୲ୣ୰ in vector y_sync ൌ ሾyଵ, yଶ, yଷ, … , y୲୰ୟ୬ୱା୬ሿ 
Step 8. Repeat steps 5 through 7 trans ൅ n times. 
 

3.2.2.  Algorithm for deciphering  
 
It is necessary to possess the encrypted information  

 for synchronization of the ܿ݊ݕݏ_ݕ the values of ,݂݊݅_ܿ݊ܧ
Slave and the encrypted keys key, a2଴. 

 
Step 1. Perform Steps 3 and 4 of the algorithm to encrypt. 
Step 2. Calculate the value ܽଶ by adding a2଴ plus one 

element of the vector key and solve equation system (2). In 
the case that all of the elements of the key have already been 
used, initiate the re-run from the first position.  

 
ܽ2 ൌ 	ܽ2଴ ൅	݇݁ݕଵ…௟ 

 

 
 
Figure 5. Encryption process using Step 6.  
Source: Authors. 

 
Figure 6. Deciphering information according to Step 3.  
Source: Authors. 

 
 
Step 3. After solving the trans times system, decipher the 

remaining information Enc_inf-x'ୱ୪ୟ୴ୣ and store the result in 
the vector Information. Observe the functioning in Fig. 6.  

Step 4. Perform Steps 2 and 3 trans ൅ n times to decipher 
all of the information. 

Step 5. Multiply each element of the vector information 
by 255 to obtain the original information. 

݊݋݅ݐܽ݉ݎ݋݂݊ܫ ൌ ሾCଵ, Cଶ, Cଷ, … , C୬ሿ ∗ 255 
 

4.  Results and Conclusions 
 
The results obtained in the statistical tests employed to 

determine the system’s robustness on encrypting and sending 
a text message are shown below. 

 
4.1.  Correlation diagram 

 
These allow us to demonstrate graphically the relationship 

between two variables and in addition how to obtain the 
correlation coefficient, which can fall within the range of -1 and 
1, indicating that the nearer the two they are to each other, the 
stronger the linear association will be. In the case of its nearing 
a	0, this indicates a weak or null association if this is 0. 

The correlation diagram (Fig. 7) depicts the values of the 
deciphered information in the horizontal axis, and the values 
of the original information in the vertical axis. We can 
observe that the correlation coefficient is 1. Thus, the original 
information and the information that was deciphered is 
identical; that is, the system manages excellent data integrity, 
therefore, there is no information deformation at the moment 
of encrypting and deciphering. 

In the correlation diagram (Fig. 8), the original vs. encrypted 
information is shown, and it yields a correlation coefficient of 
0.000032329, which indicates that the relationship between 
encrypted and original information is nearly null. This is very 
favorable because some attackers study the relationship that 
exists between these two variables in order to attempt to 
determine the encryption key that has been employed. 

 
4.2.  Histograms 

 
These are used to represent the distribution of the 

message, where the horizontal axis is shown with vertical 
bars and the data that are being transmitted. The height of 
each bar corresponds the number of frequencies of the data.  

In Fig. 9, the data that are being transmitted (the original 
information) are between 0.1 and 1, with the majority of data 
being between 0.375 and 0.475. 
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Figure 7. Correlation diagram: original vs. deciphered information.  
Source: Authors. 

 
 

 
Figure 8. Correlation diagram of encrypted vs. original information.  
Source: Authors. 

 
 

 
Figure 9. Histogram of original information.  
Source: Authors. 

 
 
Fig. 10 shows the histogram of the encrypted information, 

where it is clear that the encrypted data are found within the 
range of ‒15.25 and 20. If Figs. 9 and 10 are compared, we can 
observe that there is no relationship between the number of 
frequencies and the range of values of the graphs’ horizontal 

 

 
Figure 10. Histogram of ciphered information.  
Source: Authors. 

 
 

axis. This helps to make it more difficult for an attacker to 
find a relationship between original and encrypted 
information. 

 
4.3.  Conclusions 

 
The communications system developed truncates the 

orbit or trajectory by constantly changing one of the chaotic 
mathematical model’s parameters; this speeds up the 
encoding time in comparison with other cryptographic 
systems that employ various orbits. Thus, more computer 
processing is necessary. Our system guarantees 
confidentiality because only the receiver, which possesses 
the keys used for encoding, can calculate the parameter’s 
different values, in order to reconstruct the orbit; thus, 
decoding the information received. The constant change of 
the parameter employed avoids an attacker from detecting the 
parameter by using the least average synchronization error.   

To verify the robustness of the system developed, the 
original information (plaintext) is compared to the ciphered 
text (ciphertext), using the correlation diagram depicted in 
Fig. 8, in which a coefficient near the value of 0 is exhibited. 
This indicates that the linear association is nearly null. With 
the latter, it is proven that the system is resistant to statistical 
attacks, such as those based on clear text (differential and 
linear), in which an attempt was made to determine the key 
on searching for some relationship between the ciphertext 
and the plaintext. Another of the tests conducted is illustrated 
in the histograms shown in Figs. 9 and 10, in which there are 
very different ranges of values and frequencies. This renders 
the system sufficiently robust for avoiding an attack in which 
the frequencies or repeat chains are analyzed in order to 
attempt to find correspondence between ciphered and 
deciphered information. 

To evaluate the integrity of the data transmitted vs. the 
data received once the encoding and decoding process was 
accomplished, the correlation diagram in Fig. 7 provides a 
coefficient with a value of 1. This indicates that the 
information is not altered on passing through the ciphering 
and communications process.  

The system employed within this investigation protects 
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the communication point-to-point, combining authentication 
and encoding techniques, in order to safeguard the 
information transmitted from one point to another. In this 
way, it complies with integrity, confidentiality, and security 
services. Additionally, the technique used for varying the 
parameter contributes robustness to the communications 
system.  
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Resumen 
El Sistema Portuario Español pone en marcha, en abril de 2015, la plataforma web DUEPORT (Declaración Única de Escala Portuaria) 
con el fin de ser un observatorio de tráfico marítimo de buques, mercancías y residuos en tiempo real, erigiéndose como la medida más 
importante para luchar y prevenir la contaminación marina. En este artículo se realiza un análisis por separado de las necesidades del 
negocio marítimo actual y los instrumentos legales y económicos existentes en materia de prevención de la contaminación marina, 
mostrando la solución desarrollada por las Tecnologías de la Información y Comunicación (TIC) para dar respuesta a todas las necesidades 
de forma razonable.  Las conclusiones de la investigación vienen a mostrar que las TIC completan el “puzle” de los intereses del sector 
marítimo, capaces de crear un entorno sostenible entre los intereses del negocio marítimo y las necesidades de información ambiental de 
los buques a través de la aplicación de los instrumentos legales y económicos existentes.  
 
Palabras clave: negocio marítimo, contaminación marina, tecnologías de la información y comunicación, buques, vía electrónica. 

 
 

ICT sailing to economic and environmental sustainability in the 
maritime transport 

 
Abstract 
The Spanish Port System launched in April 2015, the web platform DUEPORT (Single Declaration of Port Scale ) to be an observatory of 
marine vessel traffic , goods and waste in real time, establishing itself as the most important measure to fight and prevent marine pollution. 
In this article an economic existing in the prevention of marine pollution separate analysis of the needs of today’s maritime business and 
legal instruments and is done by showing the solution developed by the Information Technology and Communication (ICT) to meet all 
reasonably needs.  The research findings come to show that ICTs complete the "puzzle" of the interests of the maritime industry, able to 
create a sustainable environment between the interests of maritime business and environmental information needs of ships through the 
application existing legal and economic instruments. 
 
Keywords: maritime business, marine pollution, information technology and communication, ship, electronically. 

 
 
 
 

1.  Introducción 
 
El Sistema Portuario Español [1] pone en marcha, en abril 

de 2015, la plataforma web DUEPORT (Fig. 1) como punto 
de encuentro entre los intereses del negocio marítimo y las 
                                                      
How to cite: López-Díaz, A.I., Gutiérrez-García, M.A, González-Aguilera, D., Morales-Sánchez, A. y Ruiz-Martí, J., Las TIC navegando hacia la sostenibilidad económica y 
ambiental en el transporte marítimo. DYNA 83(197), pp. 188-194, 2016. 

formalidades de información derivadas de los requisitos 
legales, económicos y medioambientales de información de 
los buques [2]. 
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Figura 1. Pantalla de entrada al sistema (en proyecto) DUEPORT.  
Fuente: Manual de Puertos del Estado. 

 
A raíz de los desastres ecológicos de los buques 

petroleros Erika (1999)1 y Prestige (2002)2, se creó la 
Agencia Europea de Seguridad Marítima en el año 2002 (en 
adelante EMSA), organismo descentralizado de la UE, para 
reducir el riesgo de accidentes marítimos y luchar contra la 
contaminación marina. El proyecto de Ventanilla Única 
Nacional por parte de la EMSA, basadas en las Tecnologías 
de la Información y Comunicación (en adelante TIC), viene 
a establecer un sistema compartido de información, entre 
todos los estados europeos, de seguimiento de buques y 
mercancías en aras de eliminar los buques deficientes, 
aumentar la protección de los pasajeros y las tripulaciones, 
reducir el riesgo de contaminación del medio ambiente, y 
garantizar que aquellos buques con buenas prácticas 
medioambientales no se encuentren en desventaja comercial 
frente a los buques que toman atajos en materia de seguridad. 

DUEPORT se presenta como la Ventanilla Única 
Española pero además se establece como trámite único 
compartido para el resto de administraciones españolas [3], 
evitando así burocracia y duplicidades. En el ámbito 
ambiental, los documentos en papel dejan paso a los datos 
digitales, con lo que se permite el tratamiento informático 
facilitando el control y seguimiento de la gestión de residuos 
de los buques y por tanto mejoras en la prevención de la 
contaminación marina por buques.  

 

 
Figura 2. Escenario de los sistemas integrados (DUEPORT y EMSA) entre 
puertos y estado español con Europa.  
Fuente: Elaboración propia 

 

                                                      
1 Erika, petrolero con bandera de conveniencia maltesa, que transportaba 
30.000 toneladas de fuel pesado, que debido un mar de fuerza 8 a 10 y una 
edad de 25 años, provoco una marea negra en las costas de Bretaña. 

En la Fig. 2, se muestra el escenario de intercambio de 
comunicaciones electrónicas que se pretende implantar en 
toda Europa, apreciándose por un lado el proyecto español 
DUEPORT y por otro lado el proyecto Europeo de Ventanilla 
Nacional. 

La implantación de la plataforma DUEPORT, abre el 
camino a los siguientes objetivos: 
 Identificar las oportunidades de mejora que supondrá el 

uso de las TIC para el negocio marítimo, en cuanto a la 
agilidad y eficiencia en los trámites de 
entrada/estancia/salida de las escalas en los puertos 
españoles. 

 Identificar las oportunidades de mejora que supondrá la 
plataforma DUEPORT para las administraciones 
públicas, con competencia en el tráfico marítimo 
internacional, para ejercer el control y seguimiento de 
forma más eficaz y eficiente.      

 Valorar el grado de mejora que supone el sistema 
DUEPORT, en cuanto a la trazabilidad de las sustancias 
contaminantes producidas por las mercancías peligrosas 
y las basuras que genera un buque durante las escalas en 
puertos españoles y/o europeos. 

 Identificar y describir los instrumentos legales y 
económicos en materia de prevención de la 
contaminación producida por buques, desde convenios 
internacionales hasta las directivas europeas y legislación 
nacional, mostrando la respuesta que tiene la solución 
informática para garantizar su cumplimiento.  

 Simular el impacto económico coercitivo que tiene los 
instrumentos económicos de cara a controlar la gestión de 
los residuos producidos en los buques. Evidenciando el 
coste económico que supone para los buques un 
compromiso ambiental frente a buques que no lo tengan. 

 Establecer líneas de mejoras por la implantación de TIC, 
en cuanto a la prevención de la contaminación de los 
buques, por el uso de datos en vez de documentos en 
papel [4,5]. 
 

2.  El negocio marítimo 
 
El transporte marítimo es referente del comercio 

internacional y de la economía mundial. Alrededor del 80% 
del comercio mundial, en volumen, y más del 70% en valor, 
se transporta por mar y transita por puertos de todo el mundo 
[6]. 

La constante incorporación de nuevos buques a un 
mercado con un exceso de oferta, junto con la debilidad de la 
economía mundial, ha ejercido una fuerte presión a la baja 
sobre los fletes. Así, los bajos precios del flete registrados en 
2012 disminuyeron los ingresos de los transportistas hasta 
niveles iguales, o incluso inferiores, a los costes 
operacionales. Ante esta situación, los transportistas han 
puesto en marcha diferentes estrategias, entre ellas, medidas 
para reducir el consumo de combustible [7,8]. A pesar de que 
el tráfico marítimo crece, el sector se caracteriza por unas 
rentabilidades bajas debido al exceso de oferta, situándose en 
torno a un 8% de beneficio (ver Fig. 3). 

2 Prestige, petrolero con armador griego, sociedad en Liberia y bandera de 
Bahamas que transportaba fuel ruso y se hundió frente a las costas gallegas, 
ocasionando un vertido de crudo que provocó uno de los mayores desastres 
ecológicos de la historia de Europa.   
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Figura 3. Porcentaje de gastos y beneficio final según los datos recibidos de 
un operador de buques en febrero de 2012. Datos provenientes de la 
Conferencia de las Naciones Unidas sobre Comercio y Desarrollo 
(UNCTAD).  
Fuente: El Transporte Marítimo 2012.  

 
 

3.  Instrumentos legales y económicos para prevenir la 
contaminación por buques 

 
Los instrumentos legales y económicos se presentan 

como herramientas efectivas y coercitivas. Buques con buena 
predisposición medioambiental aceptan la legislación e 
incluso se acogen a los incentivos económicos frente a 
buques con menor sensibilidad medioambiental que se 
encuentran con mercados más restringidos por su difícil 
acceso a los puertos europeos.  

 
3.1. En cuanto a los instrumentos legales a nivel 

internacional 
 
En la década de los 60, la Organización Marítima 

Internacional (en adelante OMI), organismo dependiente de 
la Organización de las Naciones Unidas (ONU), lideró el 
desarrollo de convenios para la seguridad de los buques, para 
simplificar la excesiva burocracia de entrada de buques en los 
puertos, para favorecer el comercio y para incorporar la 
variable ambiental dentro del negocio marítimo. 
 En 1960 se aprobó el convenio para la seguridad de la 

vida humana en el mar o SOLAS3, denominación 
inglesa del convenio: “Safety Of Life At Sea”, a raíz del 
accidente del RMS Titanic, que inspiró el desarrollo de 
normativa relativa a la seguridad de los buques. Unos 
de sus capítulos, el transporte de mercancías peligrosas, 
fue objeto del desarrollo del código IMDG4 
(International Maritime Dangerous Goods) para 
facilitar la información sobre el tipo de mercancías 
peligrosas y contaminantes para el mar. 

 En 1965 se aprobó el convenio para facilitar el Tráfico 
Marítimo Internacional o FAL 65, a resultas de un 
informe preparado por la industria naviera de la costa 
del Pacífico de los Estados Unidos, en colaboración con 
la School of World Business, y el San Francisco State 
College, de California, con fecha 1 de abril de 1959 y 
titulado "La marina mercante en un mar de papeles".  

 Como resultado, se simplificaron y normalizaron los 
siguientes formularios: FAL 1: Declaración General, 

                                                      
3 
https://es.wikipedia.org/wiki/Convenio_Internacional_para_la_Seguridad_de_la
_Vida_Humana_en_el_Mar 

FAL 2: Declaración de carga, FAL 3: Declaración de 
provisiones del buque, FAL 4: Declaración de efectos 
de la tripulación, FAL 5: Lista de la tripulación, FAL 6: 
Lista de pasajeros y FAL 7: Mercancías Peligrosas 

 En 1973 y posterior modificación en 1978 se aprobó el 
convenio internacional para prevenir la contaminación 
por los buques o MARPOL 73/78 (abreviación de 
polución marina) [9], que estableció un conjunto de 
normativas con el objetivo de prevenir la contaminación 
por los buques. La estructura del convenio consta de una 
introducción, del texto y protocolo y una serie de anexos 
que contienen reglas que abarcan las diversas fuentes de 
contaminación por los buques.  

 
3.2.  En cuanto a los instrumentos legales a nivel de la 

Comunidad Europea 
 

 La Directiva 2014/100/UE, de 28 de noviembre de 
2014, por la que modifica la Directiva 2002/59/CE 
relativa al establecimiento de un sistema comunitario de 
seguimiento y de información sobre tráfico marítimo 
“SafeSeaNet”, encomienda a la EMSA aprovechar la 
experiencia y seguir facilitando más la información e 
incluye la incorporación de técnicas geomaticas o de 
información geoespacial SIG (sistemas de información 
geográfica, en inglés GIS).   

 La Directiva 2010/65/UE, de 20 de octubre, sobre las 
formalidades de información exigibles a los buques a su 
llegada o salida de los puertos de los estados miembros 
y por la que se deroga la Directiva 2002/6/CE, que tiene 
como objetivo simplificar y armonizar los 
procedimientos administrativos aplicados al transporte 
marítimo, mediante la generalización de la transmisión 
electrónica normalizada de datos y la racionalización de 
las formalidades informativas. Los estados miembros 
transmitirán a través de una ventanilla única, que será el 
punto en el que se comunique toda la información una 
sola vez y se ponga a disposición de las distintas 
autoridades competentes y los países de la UE. Los 
países de la UE deberán cerciorarse de que la 
información recibida de conformidad con las 
formalidades informativas esté disponible en su 
sistema SafeSeaNet nacional y pondrán a disposición de 
los demás países de la UE las partes pertinentes de esa 
información a través del sistema SafeSeaNet. Los países 
de la UE aceptarán los formularios normalizados 
desarrollados por el Convenio FAL.  

 El desarrollo del proyecto europeo se está realizando 
mediante la creación de un prototipo de Ventanilla 
Única Nacional (National Single Windows), 
aprovechando la experiencia de SafeSeaNet, que 
aumenta las prestaciones y que reemplazará en un 
futuro a SafeSeaNet. 

 La Directiva 2002/84/CE, de 5 de noviembre de 2002, 
modifica las Directivas relativas a la seguridad 
marítima y la prevención de la contaminación por los 
buques. El objetivo es mejorar la aplicación de la 

4 https://es.wikipedia.org/wiki/IMDG  
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legislación comunitaria en el ámbito de la seguridad 
marítima, la protección del entorno marino y las 
condiciones de vida y trabajo a bordo de los buques. 

 La Directiva 2000/59/CE, de 27 de noviembre de 2000 
y su posterior modificación Directiva 2007/71/CE sobre 
instalaciones portuarias receptoras de desechos 
generados por buques y residuos de carga. La 
Comunidad Europea preocupada por la contaminación 
de los mares y las costas de los estados miembros, 
producida por las descargas de desechos y residuos de 
carga procedentes de los buques, establece la aplicación 
del convenio MARPOL 73/78.  

 
3.3.  En cuanto a los instrumentos legales a nivel de España 

 
El 19 de noviembre de 2002 se hundió frente a las costas 

de Galicia el buque petrolero “Prestige”, ocasionando uno de 
los mayores desastres ecológicos de la historia de Europa y 
poniendo en evidencia a España por el desconocimiento del 
tráfico marítimo que navega por sus costas. En ese momento, 
la vía analógica en formato papel era el procedimiento 
establecido para facilitar la información en cada puerto. 
 La orden FOM/3056/2002, en vigor el 5 de enero de 2003, 

que establece el procedimiento integrado de escalas de 
buques en los puertos de interés general, exige la 
implantación de las ventanillas únicas de escala en cada 
puerto que a su vez debían estar informando a la ventanilla 
única nacional, potenciándose la vía electrónica con una 
estructura básica de datos del buque. 

 La orden FOM/1498/2014 [10], de 1 de agosto de 2014, 
que modifica el procedimiento integrado de escalas de 
buques en los puertos de interés general, establece la 
obligatoriedad electrónica de todos los datos de la 
declaración única de escalas (DUE), incorporando 
como novedad la transmisión electrónica de datos 
medioambientales en base al convenio MARPOL73/78. 

A su vez, la orden FOM/1498/2014 recoge la exigencia 
informativa del Real Decreto 1334/2012 de formalidades 
exigibles a los buques en los puertos de interés general 
(Trasposición de la Directiva 2010/65/CE); la exigencia 
informativa del Real Decreto 201/2012 del Sistema de 
Información de Tráfico Marítimo (Trasposición de la 
Directiva 2011/15/UE); y la exigencia informativa del Real 
Decreto 1084/2009 para instalaciones portuarias de desechos 
de los buques. 

Por tanto la orden FOM/1498/2014 es la ley española que 
recoge las sinergias del resto de las normativas en cuanto a 
facilitar información de tráfico marítimo y es la fuente de 
inspiración para el proyecto DUEPORT. 

 
3.5.  En cuanto a los instrumentos económicos a nivel de 

España 
 

 El Real Decreto Legislativo 2/2011 del texto refundido de la 
Ley de Puertos y de la Marina Mercante [11] establece una 
tarifa de recogida de desechos para los anexos MARPOL I 
y V, en sintonía con el Real Decreto 1084/2009 sobre 
instalaciones portuarias de desechos de buques. 

                                                      
5 http://emsa.europa.eu/nsw.html 

 
Figura 4. Cálculo de la tarifa de desechos para una escala de un buque 
petrolero de 121 m de eslora en un puerto español.  
Fuente propia. 

 
 
En la Fig. 4 puede apreciarse el impacto económico 

coercitivo que supone para un buque tipo (petrolero de 121 
metros de eslora) que realice una escala en puerto español sin 
acreditar ningún compromiso medioambiental, se le aplica la 
tasa por escala más alta (en este caso de 307,44 €), si el buque 
puede acreditar un sistema de gestión ambiental certificado o 
entrega de residuos MARPOL I (residuos procedentes de 
hidrocarburos) en puerto anterior, puede beneficiarse de una 
bonificación del 20 al 50% de la tarifa. Si además, el buque 
realiza una ruta regular con varios puertos de forma regular, 
puede declarar a las administraciones marítimas esa ruta como 
servicio marítimo regular y presentar un plan de gestión de 
residuos para el MARPOL I y V (residuos procedentes de las 
basuras), obteniendo bonificaciones en la tarifa de desechos. En 
la Fig. 4, se muestra que se apuesta porque los buques de 
servicio regular tengan compromisos de gestión para los 
residuos MARPOL I y V conjuntamente, obteniendo con ello 
un precio simbólico de 13,18 € por escala. 

 
4.  El papel de las TIC  

 
La Directiva 2010/65/UE puso rumbo a la simplificación 

y armonización de los procedimientos administrativos en el 
transporte marítimo europeo, mediante el uso de las TIC, 
estableciéndose la creación de Ventanillas Únicas Nacionales 
(National Single Windows)5 electrónicas bajo el concepto de 
la “e-Maritime”. Las TIC se erigen como el medio más 
sostenible entre los intereses del negocio marítimo y el 
cumplimiento de los distintos instrumentos legales y 
económicos, en particular los del ámbito ambiental.   

El uso de la información electrónica e internet están cambiando 
el mundo. El transporte marítimo, no ajeno a estos cambios, utiliza 
para las notificaciones, declaraciones, certificados, solicitudes y 
órdenes de servicio, la gestión y almacenamiento en forma 
electrónica en lugar del formato papel [12-14] 

España con la plataforma web DUEPORT, no solo dará 
cumplimiento a la comúnmente conocida Directiva sobre las 
formalidades informativas (Reporting Formalities Directive), 
sino que además se convierte en punto único de información 
para el resto de administraciones nacionales con competencia 
en el ámbito del transporte marítimo6.  

6 Dirección General de la Marina Mercante, Salvamento Marítimo, Aduanas, 
Sanidad Exterior, Policía Nacional, Guardia Civil y la Armada Española. 
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Figura 5. Estructura en capas del Sistema DUEPORT.  
Fuente propia. 

 
 
El nuevo sistema DUEPORT (NSW-ES) está compuesto 

por un conjunto de aplicaciones de negocio (responsables de 
la prestación de los servicios que pueden ser consumidos por 
aplicaciones externas o por las propias aplicaciones clientes 
del propio sistema DUEPORT), un conjunto de aplicaciones 
de presentación o GUI, cuya funcionalidad es proporcionar 
al usuario una forma fácil e intuitiva de cumplir con sus 
compromisos y obligaciones declarativos y consumir 
servicios de las aplicaciones de negocio. Por último, existe 
una base de datos, con la lógica separada en tres esquemas 
distintos: NSW (negocio), GAS (Gestión de Accesos y 
Seguridad) y NSWARQ (Archivo de datos de negocio). 

La Fig. 5 muestra las aplicaciones existentes, 
estructuradas en un modelo de 3 capas: capa de presentación, 
capa de aplicación o tratamiento de datos y finalmente una 
capa de persistencia de datos. 

La arquitectura del sistema DUEPORT, está basado en un 
modelo de 3 capas: capa de presentación, capa de aplicación o 
tratamiento de datos y finalmente una capa de persistencia de datos.  

La capa de presentación tiene dos partes. Una interfaz de 
usuario tipo web (cliente ligero) cuya funcionalidad es la de 
proveer una capa de presentación y validación de datos 
básica. Esta interfaz es interactiva de manera que los usuarios 
(personas) pueden trabajar sobre ella directamente. 

Adicionalmente tiene una segunda interfaz con otros 
sistemas externos a DUEPORT mediante ficheros o 
comunicación de datos estructurada. Por un lado permite el 
envío/recepción de ficheros EDI/EDIFACT7 o XML 
mediante un servidor FTP. En un siguiente nivel estaría la 
capa de aplicación (middleware), encargada del tratamiento 
de datos y donde se implementa toda la lógica de negocio del 
sistema. Aquí hay varios módulos:  
 Un módulo encargado del tratamiento, validación y lógica 

necesaria para la comunicación con la interfaz web de 
usuario. 

 Un módulo encargado de la interpretación y traducción de 
los ficheros en formato EDI/EDIFACT. 

                                                      
7 UN/EDIFACT United Nations/Electronic Data Interchange For 
Administration, Commerce and Transport (Intercambio electrónico de datos 
para la Administración, Comercio y Transporte) es un estándar de 
la Organización de las Naciones Unidas para el Intercambio electrónico de 
datos en el ámbito mundial. Existiendo subestándares para cada entorno de 

 
Figura 6. Mapa del Sistema DUEPORT.  
Fuente Propia. 
 
 Un módulo encargado de la recepción de los datos 

provenientes de ficheros EDI/EDIFACT y realizar las 
acciones solicitadas correspondientes a las funciones de 
cada fichero. Así mismo, este módulo se encarga de la 
entrega de datos al módulo de interpretación y traducción 
de ficheros EDI/EDIFACT para la generación de los 
ficheros de salida en el mismo formato, para los 
sistemas/usuarios externos. 
Finalmente está la capa de persistencia de datos que 

consta de un sistema de base de datos relacional, donde se 
almacenan los datos correspondientes y necesarios para el 
funcionamiento del sistema. 

En la Fig. 6 queda representado el mapa de sistemas que 
se pretende establecer. Los consignatarios de buques 
(declarantes) contarán con tres opciones: (i) operar con 
plataformas propias establecidas en algunos puertos 
españoles siendo los puertos responsables del envió posterior 
a DUEPORT en formato EDI; (ii) operar directamente en la 
plataforma DUEPORT Nacional; (iii) operar en la plataforma 
DUEPORT instalada en los servidores de cada puerto 
comunicándose por servicios web y facilitar la carga de 
trabajo a los sistemas nacionales.     

La complejidad del mapa de sistemas viene por la 
necesidad de la interoperabilidad con los distintos sistemas 
existente. Las siglas IF del Mapa de Sistemas de la Fig. 6 
muestran donde deben incorporarse herramientas de 
dinámica de sistemas para garantizar la correcta trasmisión 
de la información. 

 
5.  Conclusiones  

 
Por el carácter internacional del tráfico marítimo, la 

Comunidad Internacional tomó conciencia de la necesidad de 
aumentar la seguridad, prevenir la contaminación y facilitar 
la información de los buques que realizan escalas en los 
puertos para permitir el desarrollo del negocio marítimo en 
armonía con el respeto al medioambiente.  

negocio (distribución, automoción, transporte, aduanero, etc) o para cada 
país. EDIFACT define las normas de reglas de sintaxis (ISO 9735), 
directorio de elementos de datos, directorio de elementos de datos 
compuestos, directorio de segmentos, directorio de mensajes y lista de 
códigos EDIFACT. 
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Así, en la década de los 60, la Organización de las 
Naciones Unidas creó la OMI para desarrollar y aprobar 
innumerables convenios internacionales, destacando los que 
son objeto de este trabajo: el convenio SOLAS 
(desarrollando el código IMDG para Mercancías Peligrosas) 
para la seguridad de los buques y la mercancía; el convenio 
FAL 65 para facilitar el tráfico marítimo normalizando la 
información; y el convenio MARPOL73/78 para prevenir la 
contaminación por los buques. 

Europa, tras las catástrofes ambientales de los buques 
petroleros ERIKA y PRESTIGE, creó en el año 2002 la 
Agencia Europea de Seguridad Marítima (EMSA) para 
garantizar un nivel elevado, uniforme y eficaz de seguridad 
marítima. Apoyado en los convenios internacionales y el uso 
de las TIC, la EMSA está impulsando un sistema comunitario 
de información de tráfico marítimo que favorezca el 
conocimiento y aumente el control de los buques que 
navegan por aguas europeas, y a su vez sea fuente de 
inspiración técnica de desarrollos legislativos.   

En la actualidad, el proyecto piloto liderado por la EMSA 
para la implantación de una Ventanilla Única Nacional para 
el intercambio de información entre los estados Europeos y 
la plataforma web DUERPORT por parte de Puertos del 
Estado, son los referentes portuarios para entender el papel 
tan importante que están adquiriendo las TIC en el transporte 
y la seguridad marítimas. El desarrollo de la normativa 
presente y futura en materia de seguridad y contaminación de 
buques tendrá una referencia al sistema de información y 
comunicación establecido. 

Desde una dimensión medioambiental, las TIC 
incorporan como dato la información relativa al convenio 
MARPOL 73/78 y código IMDG de mercancías peligrosas, 
obteniendo como resultado práctico: 
 Posibilidad de aplicar las herramientas económicas de la 

tasa de desechos de una forma planificada y más eficiente.  
 Posibilidad de autorizar y controlar el paso de aquellas 

mercancías consideradas contaminantes para el mar, de 
manera que las administraciones puedan planificar y 
realizar las inspecciones de los buques y sus mercancías.  

 Posibilidad de planificar los servicios de recogida de 
desechos en tierra por parte de las empresas prestadoras 
del servicio. 

 Posibilidad de simular, de forma teórica, como es la 
gestión de los residuos de un buque por su trazabilidad.  

 Controlar y cierre del espacio marítimo europeo, 
permitiendo tomar decisiones derivadas del 
conocimiento.  
 

5.1.  Futuras líneas de investigación 
 

1. Tomando como punto de partida la nueva plataforma 
DUEPORT, la ampliación de la funcionalidad debe pasar 
por incorporar herramientas de tratamiento de datos que 
facilitan la inteligencia de negocio (del inglés business 
intelligence), capaces de generar estrategias y aspectos 
relevantes, enfocados a generar conocimiento. Por 
ejemplo, realizar el seguimiento y vigilancia de todo el 
tráfico europeo en su conjunto.  

2. Incorporación de los anexos VI “Prevención de la 
contaminación atmosférica” y VII “Manejo de lastres” a 
DUEPORT para el análisis de datos.   

3. Los datos declarados del MARPOL I y V en cada puerto 
y en el sistema portuario español, permitirán realizar 
estudios económicos de viabilidad de las empresas que se 
dedican al servicio de recogida de MARPOL en tierra.  
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Abstract 
The purpose of this article is to prioritize Total Quality Management (TQM) practices and examine their relative importance in TQM 
implementation in medical device small and medium enterprises (SME) using the Analytic Hierarchy Process (AHP) method. Mathematical 
modeling was the research method adopted in this article. The choice of AHP was based on the need to acquire knowledge from different 
companies and prioritize the most important TQM practices. Some implications are highlighted. Two strategic factors (Quality 
Management System and Quality Planning) and one tactical factor (Process Management) are strongly correlated and indicated by experts 
as having the major importance. Finally, The AHP method developed in the present study was shown to be useful for prioritizing practices 
relating to the implementation of TQM in medical device companies. The results can provide useful information to medical device 
managers to work upon the main practices in order to improve TQM performance. 
 
Keywords: Total Quality Management, Analytical Hierarchy Process (AHP), medical device companies and small and medium enterprises. 

 
 

Priorización de las prácticas de GCT en empresas de dispositivos 
médicos brasileños utilizando el Analytical Hierarchy Process (AHP) 

 
Resumen 
El propósito de este artículo es dar prioridad a Gestión de Calidad Total (GCT) prácticas y examinar su importancia relativa en la implementación 
de GCT en pequeñas y medianas empresas (PYME) de la industria de dispositivos médicos, utilizando el método de Analytical Hierarchy Process 
(AHP). Modelación matemática fue el método de investigación adoptado. La elección de AHP también se basó en la necesidad de adquirir 
conocimientos de diferentes empresas. Algunas implicaciones se pueden destacar. Dos factores estratégicos (Sistema de Gestión de Calidad y 
Planificación de la Calidad) y un factor táctico (Gestión de procesos) están fuertemente correlacionados y indicados por los expertos como tener 
la mayor importancia. Por último, el método AHP desarrollado en el presente estudio ha demostrado ser útil para dar prioridad a las prácticas 
relativas a la aplicación de la GCT en las empresas de dispositivos médicos. Los resultados pueden ser información útil para los administradores 
de dispositivos médicos que trabajan en las principales prácticas con el fin de mejorar el rendimiento de la GCT. 
 
Palabras clave: Gestión de la Calidad Total, Analytical Hierarchy Process (AHP), las empresas de dispositivos médicos y las pequeñas y 
medianas empresas. 

 
 
 

1.  Introduction 
 
Total Quality Management (TQM) is a management 

approach, aimed at incorporating quality thinking in 
organizations, that became very popular in the 1980s [1]. TQM 

                                                      
How to cite: de Sousa-Mendes, G.H., Gomes-Salgado, E. and Moro-Ferrari, B.E., Prioritization of TQM practices in Brazilian medical device SMEs using Analytical Hierarchy 
Process (AHP). DYNA 83(197), pp. 195-203, 2016 

encompasses a set of principles, methods and practices that 
emphasize customer satisfaction, leadership, total employee 
involvement, continuous improvement, strategic and systematic 
approach, process management, factual approach to decision 
making, performance measurement and win-win supplier 
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relationships [2]. TQM is a managerial model for improving an 
organization’s competitive capacity and maximizing its 
participation in the market [3,4]. Several authors [5-7] have 
indicated that implementation of TQM improves organizational 
performance. 

The literature includes many practices associated with TQM, 
but little attention has been paid to prioritizing such practices [8, 
9]. Thus, it becomes critical to determine, among all such 
practices, those that most contribute to successful TQM 
implementation. Prioritization of these practices would ensure a 
better fit between the allocation of resources and the results 
achieved. Moreover, according to Bayazita and Karpak [10], 
although some companies successfully implement these 
practices, a considerable number fail in attempting to do so, 
which therefore justifies this research. 

The Analytical Hierarchy Process (AHP) is a multi-criteria 
decision-making method for decisions that involve complexity 
and subjectivity [11]. AHP helps to solve problems that require 
prioritization, since it allows the complexity of unstructured 
decisions to be broken down into simpler components, thereby 
arranging a hierarchical order for each component of the analysis 
[11].  

This paper presents the results of applying the Analytic 
Hierarchy Process (AHP) to evaluate TQM practices that are most 
important in TQM implementation in small and medium-sized 
Brazilian medical device manufacturers. A set of 19 TQM 
practices that most influence TQM implementation were 
identified from a literature review. Then, ten TQM experts were 
interviewed in order to establish the relative importance of these 
practices.  

Brazilian companies in the medical device industry have made 
notable efforts towards implementing quality management in order 
to meet Brazilian standards and the requirements of international 
markets. In addition, Brazil is the largest producer and market for 
medical devices in South America and the country is both a major 
producer and a major importer in the region. This industry still only 
represents a small proportion of Brazil´s economy, but has many 
opportunities for growth in the coming years. 

A number of similarities can be drawn between Brazilian and 
Colombian medical device industries; for example, their 
dependence on imports, growth perspective, predominance of 
small and medium enterprises (SMEs) in this industry, and the 
need to improve the quality of medical devices.  Therefore, the 
contribution made by this paper is to systematize practices 
adopted in implementing TQM and classifying them in terms of 
priority. Furthermore, companies in the medical device industry 
would be able to improve their TQM implementation processes, 
further emphasizing practices that most contribute to the success 
of TQM implementation. 

After this introduction, Section two presents a theoretical 
review considering practices involved in TQM literature and 
AHP method. The research method is described in Section 3, 
after which the results are presented, followed by a discussion of 
the key findings. Finally, conclusions are drawn.  

 
2.  Literature Review 

 
2.1.  Critical factors in implementing TQM 

 
As indicated by several researchers [12,13], there are a 

number of benefits to implementing TQM: the improvement 

of a competitive advantage, higher profitability, fewer losses 
and less waste, higher productivity, improvement of product 
quality, employee skill development, greater customer 
satisfaction, higher motivation, operational improvements, 
continuous improvement of processes, and shorter waiting 
times. 

Rockart [15] argued that the critical factors are good 
practices that should receive managerial attention given that 
they influence the performance of the organization 
positively. In addition, studies focusing on TQM practices 
have increased in recent years [14]. In this paper, practice can 
be understood as a principle, a method, a process or a tool 
that has a positive impact on the success of TQM 
implementation. From the TQM literature, 19 critical 
practices (critical factors) were identified and grouped into 
three categories: strategic factors, tactical factors and 
operational factors. 

 
2.1.1.  Strategic factors 

 
Strategic factors represent the basis of TQM [8], and TQM 

principles are values that should be incorporated into 
organizational culture. The importance of these values has been 
confirmed by quality award prizes, such as the Malcolm Baldrige 
National Award, European Quality Award and even ISO 9001 
standards [16]. Five TQM practices were identified as strategic 
factors: top management commitment (leadership), quality 
management system, continuous improvement, quality culture 
and quality planning.  

The first strategic factor is the top management commitment 
(leadership), which is fundamental for creating an organizational 
environment in which people can become involved in quality 
objectives and customer satisfaction. Pheng and Jasmine [17] 
argue that if top management is not committed to TQM, it is 
impossible to achieve success in TQM implementation. Thus, 
several authors confirm that top management commitment is a 
strategic faction in TQM implementation [18-21]. 

Another strategic factor is the quality management system 
(QMS) that consists of a set of elements adopted by the 
organization in order to guarantee that its product and services 
meet customer requirements [22,24]. A QMS integrates 
organizational structure, processes, procedures, practices, roles, 
responsibilities, documents and resources within the organization 
and intends to provide a framework to direct and control an 
organization in terms of quality [23].  

The third strategic factor is continuous improvement, which 
is a set of recurring activities that are carried out in order to 
enhance performance of processes, products, and services. 
According to Bessant and Francis [25] continuous improvement 
is an organizational process that guides an organization toward 
incremental improvements and requires involvement by 
everyone in the organization. 

Creating a culture of quality is the fourth strategic factor. 
Organizational culture encompasses values, principles, attitudes 
and standards that influence organization members, defining their 
behavior. Consequently, quality culture encompasses an 
organizational behavior that aims to achieve customer 
satisfaction and quality improvements in whole organization 
[6,22]. According to Deming [26], a quality culture guarantees 
that an organization is involved in quality.  

At the very least, the fifth strategic factor is quality planning, 
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which pertains to the Juran Trilogy [24] and focuses on setting 
quality objectives and specifying necessary operational processes 
and related resources to fulfil the quality objectives [23]. In this 
study, quality planning is stressed as it provides direction for 
TQM implementation. 

 
2.1.2.  Tactical factors 

 
Tactical factors support the strategic factors and they 

sustain TQM implementation [8]. The following tactical 
factors were considered: employee involvement, reward 
systems and recognition, training and education, quality 
information systems, supplier relationships and process 
management.  

First, employee involvement has been cited as one of the 
most important factors in TQM implementation [9,22,26]. It 
is essential to satisfy different stakeholders in an 
organization, and in order to achieve employee involvement, 
empowerment and delegation should be supported. 
Consequently, employees will develop knowledge, pursue 
quality goals and take on their responsibilities in ensuring 
quality [6,22,27]. 

The second factor is the reward system and recognition. 
Crosby [28] considers recognition as one of the most 
important factors in TQM. Moreover, since rewards and 
recognition practices increase employee motivation (which 
will influence customer satisfaction), it is necessary to create 
mechanisms for rewarding employees for their good 
contributions to the quality improvements [29]. 

Training and education are the third tactical factor. They 
provide qualifications and skills for employees in principles, 
methods and tools applied to quality management. Thus, 
training and education contribute to increasing employee 
skills and organizational competence [21,27,30]. 

The quality information system (QIS) is essential for 
implementing TQM because it generates data and 
information that are needed to make good decisions. 
Decision-making based on facts and data is one the TQM 
principles, but this is achieved when the information is 
correct and available. Therefore, the quality information 
system is another critical factor in TQM [22,27].  In this 
study, QIS is the fourth tactical factor.  

Mutually beneficial supplier relations (fifth factor) refer 
to the relationship between an organization and its suppliers.  
In TQM, a good and strong relationship can increase 
productivity and stimulate cooperation and collaboration in 
solving quality problems [23]. Thus, a win-win relationship 
needs to be established between the organization and its 
suppliers [30]. 

Process management is the last tactical factor considered 
in this study. The process concept induces a new way of 
thinking about organization and introduces customer 
satisfaction in all organization process [24,26]. Process 
management is a systematic approach to identifying key 
processes, ensuring a flow of activities and resources that 
adds value for the customer [6,22]. 

 
2.1.3.  Operational factors 

 
Operational factors are mainly methods and techniques. 

They are usually more visible and their results should appear 

in the short term [6,8]. The considered operational factors 
were techniques and tools for analyzing and problem-
solving, teamwork, process mapping, visual management 
tools, benchmarking, statistical process control, suggestion 
plans, and customer surveys.  

Problem-solving techniques are the first operational 
factor. They are simple tools used for solving quality-related 
operational problems [31]. The PDCA cycle, the seven basic 
quality tools, the seven managerial tools, and other 
techniques applied in continuous improvement activities are 
examples of problem-solving techniques [9]. 

The second factor is teamwork. TQM stimulates 
teamwork in order to overcome individual limitations and 
provide synergy in a group seeking quality improvements. 
Teamwork is considered essential for implementing TQM [7] 
and its promotion in an organization will demand 
cooperation, communication and a focus on the common 
goals [22,27]. 

The third factor comprises process mapping, which is the 
technique used to identify, improve and document the 
activities and resources that make up a business process. 
Several process modeling techniques can be applied for this 
purpose [32]. Process mapping is one of the techniques 
employed in the process management approach.  

Visual management tools are the fourth operational 
factor. Quality information needs to be promptly available 
and visible to everyone, thereby facilitating decision-making 
[33]. 

The fifth factor is benchmarking and it is a method where 
an organization can compare its performance with other 
references (competitors, for example). It is also important for 
establishing higher standards and achievement 
improvements through learning from external experiences 
[6,22,27]. In this article, benchmarking is understood as an 
operational process developed by an organization in order to 
measure its performance and make improvements.  

The Statistical Process Control (SPC) comprises a set of 
statistical techniques used for monitoring and improving 
production processes. It is essential in quality control, 
evaluating and promoting stability and the capacity of 
processes [4]. Thus, SPC is the fifth operational factor.  

Suggestion plan is a structured strategy that seeks to 
stimulate the employee involvement. Through this practice, 
new ideas are creating and they can be implemented, which 
can generates improvement opportunities [31]. Suggestion 
plans constitute the seventh operational factor considered in 
this study.    

The last factor is market research, which is any organized 
effort to gather information about customer needs. Capturing 
the voice of the customer and translating it into products 
specifications and process standards may represent a 
competitive advantage [7].  

 
2.2.  Analytical Hierarchy Process (AHP) 

 
Shimizu [34] argues that the Analytical Hierarchy Process 

(AHP) is a structured technique for organizing and analyzing 
complex decisions that has received a lot of attention from 
academics and managers. This is confirmed by Wallenius et al. 
[35]. 

AHP aims to solve problems that arise when several criteria 
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are used in a single assessment. It breaks down the complexity of 
unstructured problems into simpler components. Therefore, it can 
be used to classify the importance of the factors considered in a 
decision-making process [36]. 

According to Saaty [36], AHP is carried out through pairwise 
comparisons and relies on the judgments of experts to derive 
priority scales. Moreover, expert judgments are taken into 
consideration by means of binary comparisons of factors in order 
to form a priority scale.  

A judgment or comparison is a numerical representation of a 
relationship between two elements. Using comparisons in pairs 
in each judgment, the experts indicate which element of the pair 
is more important and then attribute weights in order to 
differentiate the relative importance of each element [11]. The 
judgments, inserted in the comparisons matrices, are often based 
on the fundamental scale of absolute numbers that is specific to 
AHP, as shown in Table 1.  

According to Salgado et al. [38], the weights of the 
criteria and the priorities for the alternatives are obtained by 
means of judgments provided by experts. These judgments 
are inserted into a matrix (A) so as to pair the data. In this 
method, the importance values for the criteria are obtained 
using the eigenvector w of the comparison matrix A, as 
shown in Equation 1, where λmax is the maximum 
eigenvalue.  

 
	࢝	࡭ ൌ  (1) ࢃ.࢞ࢇ࢓ࣅ	

 
The eigenvalue is a measurement of the consistency of the 

comparison matrix. In a matrix that is 100% consistent, a 
relationship of transitivity, aij = aik akj., is supported for all 
comparisons. In this case, λ = n, where n is the order of the 
matrix. However, in the AHP method, to ensure the 
consistency of the pairwise comparison matrix, the 
consistency judgment must be checked for the appropriate 
value , as showed in Equation 2: 

 
	ࣆ ൌ 	 ሺૃ	– –	࢔ሻ/ሺ࢔	 ૚ሻ (2) 

 
For a comparison matrix that is 100% consistent, m = 0 

because Î» = n. Furthermore, Saaty [36] proposed the 
Consistency Ratio, which is a comparison between the 
Consistency Index (CI) and Random Consistency Index (RI). 
The Random Consistency Index depends on the matrix size 
(n), as shown in the Table 2. Hence, the Consistency Ratio 
(CR) formula is shown in Equation 3: 

 
	ࡾ࡯ ൌ  (3) ࡵࡾ/	ࡵ࡯

 
Table 1. 
Criterion comparison scale 

Intensity of 
importance 

Explanation 

1 Both elements are of equal importance 
3 One element is moderately more important than the other. 
5 One element is strongly more important than the other 
7 One element is very strongly more important than the 

other 
9 One element is extremely more important than the other. 

2, 4, 6, 8 Intermediate values between the adjacent opinions. 
Source: [37]. 

 

Table 2. 
Random Consistency Index ( RI ) 

n 1 2 3 4 5 6 7 8 9 10 
RI 0,00 0,00 0,58 0,90 1,12 1,24 1,32 1,41 1,45 1,49 

Source: [36]. 
 
 
For a comparison matrix that is 100% consistent,  = 0 

because λ = n. Saaty [11] recommends that for values of  
greater than 0.20, the comparisons should be reviewed. 
Review of the comparisons is a systematic procedure for 
improving the decision-making process. The largest 
eigenvalue λmax is estimated by means of the arithmetic 
mean of the elements of the consistency vector.  

The number of comparisons is a quantitative attribute and 
is the inverse of the performance of the application of the 
multi-criteria method. The larger the number of comparisons, 
the greater the effort needed to achieve decision-making. 
More comparisons may consume more resources [38]. Thus, 
x, the number of comparisons needed for completing a 
comparison matrix, can be obtained using Equation 4. 

 
࢞	 ൌ –	࢔ሺ࢔	 	૚ሻ/૛ (4) 

 
To conclude, AHP has been employed successfully in 

different contexts. Sarathy [9] applied it in assessing quality 
management practices in the construction industry. In the 
same way, Salgado et al. [38] has used AHP to identify 
critical activities in new product development.  In the case of 
this article, AHP will be used to prioritize TQM practices in 
the medical device industry.  

 
3.  Method 

 
The research method was based on the works of Talib et al. 

[8], Lewis et al. [12], Kumar et al. [13], Khanna et al. [39] and 
Souza Junior et al. [40]. It follows the stages described below: 
 Review of the literature: The literature on the main 

topics covered in this study was reviewed in order to 
identify and systematize the most critical factors in 
implementing TQM. Concerning AHP, the aim was to 
describe the procedures for applying AHP in complex 
problems.  

 Hierarchy of factors: After the identification of TQM 
practices, they were divided into three categories 
(strategic factors, tactical factors, and operational 
factors). These categories and practices are shown in Fig. 
1. There are three decision-making levels considered in 
this study. The first level represents the objective of the 
study; the second level of prioritization represents the 
categories of practices (criteria); and lastly, the third level 
represents the prioritization of TQM practices (sub 
criteria). 

 Construction of binary comparison matrices: Four 
matrices were designed: a general comparison between 
the factors in the second level of periodization (strategic, 
tactical and operational) and one matrix per category. 
Simplified spreadsheets were used to make it easier for 
the experts to fill them in. 

 Selection of experts: In the selection of the experts, 
criteria such as the field of activity, academic and 
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professional experience, and availability to attend 
interviews were taken into consideration. Following these 
criteria, ten experts took part in this study. Four were 
academics in the field of quality management and have 
experience in developing projects in medical device 
companies. Six were TQM managers in medical device 
companies and they held the responsibility for 
implementing TQM. 

 Application: Interviews were conducted in which 
pairwise comparisons were made based on the matrices 
that had been made for this purpose. The results from the 
judgments were aggregated using the principle of 
Aggregation of Individual Priorities (AIP) [41]. AIP is 
used when a group of individuals have no association or 
common goals, and, as such, tend to act according to their 
preferences, values and goals. It is noteworthy that 
experts are from different companies, and that the choice 
for the AIP was made because it is necessary to keep this 
individual analysis. Furthermore, the arithmetic mean 
was used to aggregate the judgments. 

 Analysis of the results: Finally, the results of 
prioritization process were analyzed. 
 

4.  Findings and Discussion 
 
At the second level of prioritization, the interviewees 

were asked to make a pairwise comparison of the three 
categories of factors (criteria). Table 3 shows the values after 
normalization (sum of the elements in each column of the 
judgment matrices with subsequent division of each element 
of these matrices by the sum of the values of the respective 
column), along with the local priorities among these criteria. 
The consistency ratio (CR) index was calculated, and this 
indicated that there was consistency between the pairs of 
criteria. The upper limit for the consistency index is 20% and 
the maximum result obtained in this study was 4.0%, which 
means that the data can be considered consistent [11].  

Table 3 shows the priorities among the three categories of 
factors: strategic factors (0.6370), tactical factors (0.2583) 
and operational factors (0.1047). These results are in 
accordance with the studies developed by Talib et al. [8] and 

 

 
Figure 1. Structure of the hierarchical model proposed.  
Source: The authors 

Table 3. 
Relative importance among the three factor categories 

Factors Strategic Tactical Operational Local 
Priorities 

Strategic 1 3 5 63.70% 
Tactical  1 3 25.83% 
Operational   1 10.47% 

CR = 4.0% and largest eigenvector λ = 3.039 
Source: The authors 

 
 

Table 4. 
Relative importance among the strategic factors 

 TMC QMS CI CQ QP Local 
priorities 

TMC 1 3/2 2 8/7 5/3 0.2698 
QMS  1 5/3 2/3 7/5 0.1929 
CI   1 1/2 7/6 0.1350 
CQ    1 2 0.2663 
QP     1 0.1360 

CR = 0.4% and largest eigenvalue λ =5.020 
Top Management Commitment (TMC), Quality Management System 
(QMS), Continuous Improvement (CI), Culture of Quality (CQ) and Quality 
Planning (QP) 
Source: The authors 

 
 

Souza Junior et al. [40]. Therefore, strategic factors are 
considered more important than other factors, which mean 
that the success of TQM implementation depends on the 
emphasis made on such factors.  

In the following, the experts made judgments relating to 
TQM practices within each category (sub criteria). The 
results are presented in Tables 3 to 5. As mentioned before, 
the local priorities and consistency ratios were also calculated 
for each category of factors. 

Table 4 shows TQM practices classified as strategic 
factors. The experts considered “top management 
commitment” (0.2698) as the most important strategic factor, 
and the development of a “culture of quality” is considered 
the second most important practice in this category (0.2663) 
with a score that is very close to the first factor. 

These two practices emphasize that successful TQC 
implementation depends on the ability to align individual and 
collective attitudes in seeking customer satisfaction. 
Moreover, this alignment should be supported by the top 
management commitment with the quality. The importance, 
the examples, and resources provided by top management 
and driven to improving quality will contribute to creating a 
quality culture, putting quality at the center of organizational 
culture.  

This is truly important for SMEs, where the leadership 
has a great influence on management and performance. 
Company owners participated directly in activities and had 
the final say in quality issues. Although the findings are 
similar to those found by Talib et al. [8], they differ from the 
result found by Lewis, Pun and Lalla [19], for whom “top 
management commitment” and “culture of quality” occupies 
the 10th and 13th places, respectively, in terms of 
importance.   

The quality management system (QMS) is the third most 
important strategic factor (0.1929). Particularly in Brazilian 
medical device companies, three main norms and standards 
have been used as references for structuring QMS, namely: 
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ISO 9001:2008, ISO 13485:2004, and Good Manufacturing 
Practices (GMP). Certifying their QMS according these 
standards has been encouraged in the medical device industry 
due to customer demands (some international clients for 
example) and Brazilian legislation (all medical device 
companies should at least have GMPs implemented). 
Although QMS is only the third factor, its implementation 
influenced the first two factors, given that the role of 
leadership is one of the main requirements of these standards.  

Concerning the tactical factors, the experts highlight three 
factors as being the most important in implementing the 
TQM: “employee involvement” (0.2862), “process 
management” (0.2163), and “training and education” 
(0.1833). Together, they account for 68.58% of the relative 
importance of this category (Table 5). These findings 
coincide with the eight principles of quality, and agree with 
the results presented by Sarathy [9]. However, in terms of 
prioritization, they are not similar to studies by Talib et al. [8] 
and Souza Junior et al. [40]. 

Getting people involved in quality and providing them 
with training and education are fundamental in TQM. 
Although these findings are widely recognized, they 
represent challenges for SMEs due to their lack of resources 
and skills. The lack of resources in SMEs compared to larger 
enterprises may contribute to favor approaches that are more 
informal in SMEs. As such, this situation reinforces the need 
for investment in motivating and training employees. While 
these two practices affirm the human side of quality 
highlighting the need for employee engagement, process 
management is a method that seeks to map and standardize 
work processes. Quality standards (ISO 9001 and ISO 
13485), which are common in medical device companies, 
have process management as a main element. 

Table 6 shows the priorities given to TQM operational 
practices. Observing the local priority values, it can be 
concluded that there is no single method or tool that really 
stands out in relation to the others. “Statistical Process 
control” (0.1905) is considered the most important practice, 
but it is closely followed by the following factors: “Problem-
solving Techniques” (0.1585), “Teamwork” (0.1523), and 
“Market Research with customer” (0.1497). As expected, 
there is a relationship between the most important operational 
factors with the most important tactical factors. Teamwork 
and Problem-solving Techniques provide the basis for 
training and involving employees. The values for other 
practices are shown in Table 6. 

 
Table 5. 
Relative importance among the tactical factors  

Factors EI RS TE QIS SR PM Local 
priorities 

EI 1 8/3 2 9/5 5/2 3/2 0.2862 
RS  1 ½ 1 9/7 4/9 0.1026 
TE    1 2 2 7/9 0.1833 

QIS      1 6/5 5/7 0.1234 

SR        1 1/3 0.0882 

PM      1 0.2163 

CR = 1.2% and largest eigenvalue λ = 6.077 
Employee Involvement (EI), Reward System and Recognition (RS), 
Training and Education (TE), Quality information System (QIS), Mutually 
Beneficial Supplier Relations (SR) and Process management (PM). 
Source: The authors 

Table 6.  
Relative importance among the operational factors  

Factors PST  TW  PM  VMT  BM  SPC  SP  MR  Local 
priorities 

PST 1  5/4  1  2  3  2/3  5/2  1 
0.1585 

TW   1  3/2  5/3  3  1  2  3/4 
0.1523 

PM     1  9/5  7/3  2/3  9/5  5/6 
0.1310 

VMT       1  3/2  3/7  1  4/7 
0.0821 

BM         1  ¼  3/5  3/8 
0.0533 

SPC           1  2  4/3 
0.1905 

SP             1  5/7 
0.0825 

MR               1 
0.1497 

CR = 1.2% and largest eigenvalue λ = 6.077 
Problem-Solving Techniques (PST), Teamwork (TW), Process Mapping 
(PM), Visual management Tools (VMT), Benchmarking (BM), Statistical 
Process Control (SPC), Suggestion Plans (SP) and Market research with 
customers (MR) 
Source: The authors 

 
 
The findings shed light on the role of technical 

capabilities in supporting the TQM implementation. In 
addition, they stress the need to improve employee skills in 
using quality tools, especially those applied in solving 
problems and controlling processes. Empirical research 
developed by Oprime et al [31] has also established a positive 
relationship between technical capabilities and success in 
TQM implementation.  

In a further analysis, the overall priority of the criteria and 
sub criteria (i.e., considering the relative importance of each 
practice) was calculated considering the 19 investigated 
TQM practices. Table 7 presents these results. The column 
“Geral priority” was calculated using the values presented in 
the “Local Priority Column,” however for each specific 
practice, it was necessary to multiply for its related 
categories. For example, the value of local priority related 
with the practice "TMC" (0.2698) was multiplied for the 
value of local priority category "Strategic factors" (0.630). 

Table 7 highlights that “top management commitment” 
(0.1719), “culture of quality” (0.1606) and “quality 
management system” (0.1229) are the three main practices 
indicated by the experts.  These should therefore be 
emphasized in implementing TQM in SMEs in the medical 
device sector. On the other hand, the practices with the lowest 
relative importance belong to the operational factors 
category: “visual management tool” (0.0086), “suggestion 
plans” (0.0086), and “benchmarking” (0.0056).   

The results shown in Table 7 are strongly influenced by the 
weights given to the categories placed in level 2.  For this 
reason, all of the strategic factors are more important than the 
tactical and operational factors, and the tactical factors are more 
important than the operational factors. This reinforces that a 
successful implementation of TQM depends on a managerial 
approach that involves leadership, commitment, and integration 
of quality improvement into the management system. 
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Table 7 
Overall priorities for the 19 TQM implementation practices 

 
 

5.  Conclusion 
 
The aim of this study was to investigate and categorize 

the TQM practices and prioritize them on the basis of their 
relative importance for TQM implementation in the Brazilian 
medical device SMEs.  

As SMEs suffer with the lack of resources and cannot 
allocate equal amounts of efforts or resources to each TQM 
practice, the findings of this study are very important in 
providing insights for medical device SMEs as they can 
evaluate their current practices and re-allocate reasonable 
resources to improve their TQM performance. Besides 
medical device SMEs, managers from other health 
organizations (i.e., hospital or health public systems) can also 
use these findings for selecting and evaluating their own 
suppliers.  

From the TQM literature, 19 TQM practices were 
identified and they were grouped into three categories of 
factors (strategic, tactical, and operational). Subsequently, 
ten experts were consulted and, with the aid of the AHP 
(Analytical Hierarchy Process) method, it was possible to 
prioritize these practices. The TQM practices identified cover 

a wide range of activities from strategic, to tactical, to 
operational factors. Therefore, medical	device	SMEs	should	
focus	 on	 the	 factors	 and	 practices	 that	 these	 experts	
considered	of	highest	priority	for	TQM	implementation.			

Considering	the	results	of	this	study,	it	is	possible	to	
present	 some	 managerial	 implications.	 One first 
managerial implication of this study is that the results 
indicate that TQM implementation is complex.  Its success 
depends on strong commitment by top management, on the 
capacity to incorporate quality values in the organizational 
culture, and on the need to create involvement among 
collaborators (the most important practice at tactical level) in 
planning, controlling, and quality improvement activities. 
Although the three factor categories are important, TQM will 
not be successful unless human and political dimensions are 
also considered. 

Another important managerial implication is the 
importance given to structuring a Quality Management 
System. Two strategic factors (Quality Management System 
and Quality Planning) and one tactical factor (Process 
Management) are strongly correlated and they were pointed 
out as having a major importance. QMS implementation 

Level  Factor categories and TQM practices 

Local priorities Overall priorities 

Local  

Priority 

Local 

Ranking 

Geral 

Priority 

% Geral 

Ranking 

Level 2 Strategic factors 0.6370  0.6370 63.70  

Level 3 Top Management Commitment (TMC) 0.2698 1 0.1719 17.19 1 

 Quality Management System (QMS) 0.1929 3 0.1229 12.29 3 

 Continuous Improvement (CI) 0.1350 5 0.0860 8.60 5 

 Culture of Quality (CQ) 0.2663 2 0.1696 16.96 2 

 Quality Planning (QP) 0.1360 4 0.0866 8.66 4 

       

Level  2 Tactical factors 0.2583  0.2583 25.83  

Level 3 Employee Involvement (EI) 0.2862 1 0.0739 7.39 6 

 Reward System and Recognition (RS) 0.1026 5 0.0265 2.65 10 

 Training and Education (TE) 0.1833 3 0.0473 4.73 8 

 Quality information System (QIS) 0.1234 4 0.0319 3.19 9 

 Mutually Beneficial  Supplier Relations (SR) 0.0882 6 0.0228 2.28 11 

 Process management (PM) 0.2163 2 0.0559 5.59 7 

       

Level 2 Operational factors 0.1047  0.1047 10.47  

Level 3 Problem-Solving Techniques (PST 0.1585 2 0.0166 1.66 13 

 Teamwork (TW) 0.1523 3 0.0159 1.59 14 

 Process Mapping (PM) 0.1310 5 0.0137 1.37 16 

 Visual management Tools (VMT) 0.0821 7 0.0086 0.86 17 

 Benchmarking (BM) 0.0533 8 0.0056 0.56 19 

 Statistical Process Control (SPC) 0.1905 1 0.0199 1.99 12 

 Suggestion Plans (SP) 0.0825 6 0.0086 0.86 18 

 Market research with customers (MR) 0.1497 4 0.0157 1.57 15 

       

Level 2 Sum of criteria (factor categories)   1 100.00  

Level 3 Sum of sub criteria (TQM practices)   1 100.00  

Source: The author      
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needs to be supported by an organizational structure, 
technical procedures, and commitment. 

In conclusion, the leadership of top management and the 
creation of strong organizational values emphasizing quality 
are the main drivers for the organizational transformation 
promoted by TQM. Specifically, in the case of the medical 
device companies, the QMS is not the ultimate purpose or the 
main factor ensuring success in implementing quality. For the 
experts, the factors (top management commitment and 
culture of quality) are requisites for implementing the QMS 
as well as the TQM.  

Finally, the AHP method developed in the present study 
was shown to be useful for prioritizing practices relating to 
TQM implementation in medical device companies. It can be 
useful to decision-makers as a guideline for implementing 
TQM and in evaluating the effectiveness of their current 
TQM practices.  

Even though this study provides implications for 
academics and for medical device companies, it also presents 
some limitations. One of them is that its results are limited in 
scope because it relies on the judgments of only 10 experts. 
The second limitation is that research on critical factors in 
implementing TQM is not new and that many of the results 
found in the present study have been pointed out previously. 
However, it is important because the discussion on TQM 
practices is contextualized for the small and medium medical 
device companies, which have their own organizational and 
structural characteristics. Due to the similarity between 
Brazilian and Colombian medical device companies, the 
results can help TQM managers from both countries.  

Future research could expand the number of experts 
including more TQM managers from medical device 
companies. Another proposal is to validate the criteria and 
sub-criteria proposed in this research using different research 
approaches, such as case studies or surveys. This would help 
to provide complementary information to develop 
appropriate strategies for improving the success of TQM in 
medical device companies.  
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Abstract 
Supply chain (SC) management implies a large number of interactions and a great deal of cooperation between the organizations that make up the 
supply chain in order to fulfill the purposes of logistics processes such as supply, distribution and warehousing. Much research has been carried out 
to illustrate the advantages of coordinating these processes at different stages of supply chain planning. However, these studies appear to be separate 
efforts. This study proposes methodological guidelines for the coordinated planning of the supply chain in the context of the healthcare services, 
considering the global benefits to its members by using primary information collected at several health service institutions. The proposal also includes 
a mixed-integer programming model to show how organizational coordination contributes to a reduction of the overall costs throughout the chain. 
 
Keywords: supply chain, coordination, medical supply chain, medical operations management, healthcare supply chain, mixed-integer 
programing. 

 
 

Lineamientos estratégicos para coordinación en la cadena de 
suministro de medicamentos y propuesta de un modelo matemático 

para medir los efectos de la coordinación 
 

Resumen 
La gestión de la cadena de abastecimiento implica la articulación intra e inter organizacional de las áreas funcionales participantes en los procesos de 
aprovisionamiento, almacenamiento y distribución a través de las organizaciones que la componen. Diversas investigaciones se han realizado 
mostrando las ventajas de la coordinación de estos procesos en diferentes etapas de la planeación de la cadena de abastecimiento, sin embargo, 
parecen ser enfoques separados. Este artículo propone pautas metodológicas para la planeación coordinada de la cadena de suministro en el contexto 
de la prestación de servicios de salud considerando beneficios globales para sus integrantes a través de información primaria recolectada en varias 
instituciones prestadoras de servicios de salud, proponiendo también un modelo de programación lineal para mostrar los efectos de la coordinación 
en la disminución de los costos globales de la cadena. 
 
Palabras clave: coordinación; logística; cadena de abastecimiento; medicamentos; gestión de operaciones; programación lineal. 

 
 
 

1.  Introduction 
 
In line with the progress made in economic and 

productive systems, operations management has turned into 
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a set of increasingly complex tasks, which imply the 
articulation of organizational processes according to the 
goals and expectations of the supply chain directors and 
stakeholders. 



Balcázar-Camacho et al / DYNA 83 (197), pp. 203-211. June, 2016. 

204 

Industries went from focusing on mass production to 
focusing on customization. Operations strategies were 
developed such as just-in-time systems, total-quality 
management, flexible manufacturing, lean Systems, process 
outsourcing, and supply-chain management systems, among 
others [1]. Each of these strategies has been addressed from 
a planning and practice perspective, yielding operations 
management models and control schemes that make use of 
mathematical techniques. 

Operations management has evolved from a set of 
separate activities into a single integrated application within 
the management of supply chains (SC). SC can be defined as 
the set of suppliers, producers, and distributors that interact 
in order to deliver a product or to provide customer service, 
including the customer as a part of the chain, and also 
contemplating the stakeholders that are affected or involved 
in the operations of the members of the chain [2]. SC has been 
addressed using various approaches, such as risk 
management, agile SC, lean SC, Flexible SC, global SC and 
regional SC, among others [3]. Different models have been 
proposed considering isolated activities or different functions 
of the SC; however, such models appear to be fragmented 
efforts [4]. 

Researchers have mainly focused on generating models 
and solutions aimed at providing strategies and models for 
the goods industry. More recently, their attention has shifted 
towards the service sector; however, there is a lack of 
research results in activities derived from the healthcare 
service in countries like Colombia. 

In Latin America and the Caribbean, the service sector 
accounts for about 60% of both GDP (gross domestic 
product) and the total employment pool in the region. 
Although the service sector’s share has increased, its growth 
remains low when compared to other sectors of the economy 
[5]. In Colombia, the service sector presented the largest 
reported increase in revenue in 2013, with a growth of 38.4% 
over the previous year [6]. With the development of the 
sector, new opportunities arise to improve the perception of 
the services provided and therefore improve productivity. 

The service sector and its importance in the economy lies 
in its potential for regional development and job-vacancy 
creation. This sector generates around 50% of GDP in low-
income countries and, usually, its growth is linked to the 
country’s development [7]. Within the service sector, health, 
as one of its main components, exhibits "special features 
from the normative and practical context that directly affect 
the quality of the service provided to patients, namely it is not 
enough to guarantee the procedures for the detection and 
diagnosis of particular disease but it is also necessary to 
ensure the timely  availability and good condition of drug 
stocks, which  may represent a critical factor for the proper 
treatment of patients" [8].  

In today’s competitive environment, several medical 
organizations have taken the necessary actions to ensure they 
are providing the best care at the lowest possible cost [9]. 
Traditionally, the pharmaceutical industry has focused on the 
development of new medicines, on promoting alternative 
sales strategies, and on modern marketing activities. More 
recently, the industry’s attention has turned to SC 
optimization as a means of delivering added value [10]. SC 
management within the health-care sector has become ever 

more complex due to the integration of several regulation 
entities (i.e. governmental agencies) as well as the 
monopolization of markets and the requirements of patients. 

This article shows the results of a study conducted by the 
“Society, Economy and Productivity” (SEPRO) research 
group at Universidad Nacional de Colombia. The study was 
funded by Colciencias within the scope of a project entitled 
“A methodological proposal for the definition of policies, 
negotiation rules, and coordination activities applied to 
oncological medicine supply management in Colombia”. The 
present paper provides a set of guidelines to achieve the 
coordination of agents in the SC as well as a mathematical 
model that serves as a mechanism to verify the impact of 
agents’ coordination. The project’s primary information, 
obtained from various institutions providing healthcare 
services in Bogotá, was collected and analyzed to identify 
potential structures or strategic guidelines for SC 
coordination. Subsequently, a mixed-integer programing 
model is proposed to illustrate the potential benefits of 
coordination using SC global cost as a metric to quantify 
improvements.    

Section 2 contains a review of relevant research literature. 
Section 3 gathers a set of guidelines for the coordination of 
agents in SC. The proposed model to verify the potential 
effects of coordination is presented in section 5. The results 
that measure the impact of coordination and its associated 
effects appear in Section 6. Finally, Section 7 presents 
various points for further discussion. 

 
2.  Literature review 

 
Commonly, two types of structures for SC management 

are suggested depending on the degree of control that every 
SC agent has over the others, namely a centralized structure 
and a non-centralized structure. When each member of the 
chain carries out its planning individually, regardless of other 
actors, local optima do not always contribute to achieving the 
overall objectives of the SC. Instead, coordinated SC 
planning has shown to have a positive impact on some 
performance metrics [11] such as delivery times, production 
costs, customer service perception [12]. Additionally, 
coordinated SC planning reduces the overall SC costs [13]. 
Such coordination involves not only the implementation of 
enterprise resource planning systems (ERP) and its 
associated links [14], but also the joint planning processes 
and the development of synchronized forecasts [15]. 
Coordination requires breaking down communication 
barriers and overcoming the reluctance to share information, 
it also requires aligning the different interests and 
management styles. All these requirements allow  
coordination to move towards an integrated management of 
chains that ultimately replaces any other functional process 
management approach [16]. Coordination is reflected when 
the members of a SC jointly minimize operating costs and 
share profits after production planning policies and 
programming operations have been deployed [17]. 

Typically, the literature distinguishes several strategies to 
achieve coordination of operations in an SC (e.g., purchasing 
policies, bulk discounts, inventory management, and lot 
sizes). However, few of these approaches have been applied 
to the sector of pharmaceutical SC (Medicines and medical 
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supplies) in Latin American countries. 
The structure of pharmaceutical SC includes one or more 

of the following actors: primary manufacturing industries, 
secondary manufacturing industries, warehouses and 
distribution centers, wholesalers and retailers (i.e., hospitals) 
[10]. Pharmaceutical SC management is highly complex and 
sensitive since any change in the level of customer service is 
unacceptable and so demands great responsibility to ensure 
that the right drug reaches the right patient at the right time 
in the right condition [18]. Pharmaceutical SC management 
has to deal not only with the upstream information flow, such 
as market demand, but also with the downstream flow of 
technical information that supports demand creation [19]. 
Additionally, there is the challenge of reconciling the 
freedom of health professionals in writing their prescriptions 
and favoring the preferences of the hospital’s purchase 
department when offered bulk discounts [20]. Another 
challenge lies in the high levels of uncertainty associated to 
pharmaceutical demand along with the short life cycle of 
products due to their physical-chemical characteristics [21]. 

From the perspective of logistics activities, it is common 
to find proposals in the literature dealing with 1) overall 
planning of the SC in the pharmaceutical/medical industry 
focused on facility location; 2) chains of two or more levels 
presenting the case of inventory management between 
wholesalers, distributors and healthcare service provider 
institutions (IPS); and 3) optimal order quantity focused on 
the application of volume discounts, determination of the 
number of orders, and reorder point policies. 

In terms of the number of studies in the current literature 
concerning SC in the health sector, researchers have focused 
on the purchasing process and supply management, 
distribution and production of pharmaceutical products, 
health logistics, and research and development of new 
products [22]. Most of the work conducted in science, within 
pharmaceutical and medical SC management, refers to the 
overall planning and focuses on developing better solutions 
for large-scale challenges; however, it is necessary to develop 
practical models that can quickly solve the problems 
associated to the pharmaceutical SC. Such models should be 
easy to implement and should not omit the real aspects of the 
problem [23]. From the perspective of SC operations and 
management, research in the health sector focuses on 
generating strategies and objectives of operations, planning, 
scheduling, and control of services [24]. 

Regarding recent studies about SC in health care, 
Narayana, Kumar Pati & Vrat [22] conducted an extensive 
review of the recent literature that addresses the issue of 
managing pharmaceutical supply chains (PSC), showing the 
growing interest of researchers in using information 
technology, analysis and process optimization. Susarla & 
Karimipresent  presented a model of mixed integer linear 
programming for global planning multi-period, multi-level 
supply chains within the pharmaceutical industry, also 
contemplating purchasing, production and distribution 
processes [23]. Uthayakumar & Priyan developed a model 
that includes the integrated planning of two levels of the SC 
to optimize inventory, also considering the customer service 
level and showing the possibility to reduce inventory costs 
while maintaining service levels near 100% [18]. Sousa, 
Shah & Papageorgiou proposed a model for the Global 

Optimization of SC in the pharmaceutical industry, 
considering production factors and investment capacity for 
facility location [25]. Kelle et al. proposed  policies for 
reorder points and security levels with space restrictions in 
the pharmaceutical industry SC from the perspective of a 
hospital [20]. Masoumi, Yu & Nagurney developed a 
multiproduct model for optimal allocation of resources for 
the production of vaccines and medicines in the design of the 
SC [26]. 

In Colombia, it is only recently that have researchers 
become interested in the SC of the healthcare sector. By 
consulting specialized databases, it is possible to corroborate 
that there are only a few research and scientific publications 
dealing with the mechanisms that allow a visualization of the 
effects of supply chain coordination in the context of 
healthcare service provision. Castrellón, Torres & Adarme 
proposed a model for reducing the costs of logistics 
operations in the distribution of medicines in Colombia [27]. 
Zamora presented a model for risk management in the 
procurement process of oncologic drugs [28], Balcázar 
presented a methodology for the coordination of agents in 
oncology medicines SC [8]. 

Based on the content of the studies above, it is possible to 
identify a couple of gaps in the development of the research 
on SC coordination in healthcare, namely a lack of guidelines 
intended to improve coordination, and the corresponding 
mathematical models to measure the impact of such 
coordination. The following section presents various 
guidelines that can be used to coordinate processes within an 
SC. 

 
3.  Guidelines for coordination 

 
SC coordination implies the articulated and harmonized 

actions of the organizations involved in the particular SC. 
These actions should promote value creation and the 
reduction of losses. To achieve coordination of logistic 
processes, high levels of standardization and communication 
are necessary to facilitate trust between the chain members 
(Fig.1). 

It is possible to identify several strategic guidelines that 
can be used to achieve coordination in SC planning. Some of 
the main strategic guidelines, identified through our 
fieldwork with multiple healthcare institutions, are included 
in the following paragraphs. 

The coordination process depends on the implementation 
and the proper use of information technology as well as the 
use of suitable systems for warehouse management (WMS). 
Real-time information on inventory levels and availability of 
resources (for the handling and transporting medicines) 
facilitates tactical and operational planning. 

 

 
Figure 1. Road to coordination 
Source: The Authors. 
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The deployment strategy for coordination begins with a 
diagnostic phase. This initial phase is intended to identify the 
information needs of the processes that must be integrated, 
the characteristics of the tangible and intangible elements of 
the participants and also to determine the team members that 
generate joint operation plans. These members are 
responsible for conducting the necessary logistical 
coordination during the planning horizon (Fig.2). Thus, it is 
necessary to determine various additional aspects, such as the 
structure of the communication channels, the main generators 
of information, the power levels for decision-making, the 
command channels, the response times, and the responsible 
members in charge of each process together with their 
substituting members (when required). Once the instructions 
and manuals have been settled, this information should 
mitigate the effects of plausible contingencies as well as of 
any deviation from the plans. These actions contribute to 
having minor adverse effects and delays in operations. 

The equipment for SC planning must be composed of 
delegates from all the organizations (that participate in the 
process of harmonization and coordination) and 
professionals of all organizational levels, who know the 
details of each process in the logistic cycle (Fig. 3). 

Planning for the coordination of activities in the SC must 
help identify redundant and concordant issues both in the 
operation and in the planning horizons of all organizations. 
Such planning should also match every activity according to 
the business strategy of each business unit. The redundant 
activities must be eliminated by considering which particular 
activity has the lesser impact on value creation, i.e., duplicate 
efforts can cause delays and become non-value adding 
activities. Therefore, in each process of the logistic cycle, 
activities should be checked in detail, e.g., inspections, 
checks, temporary storage, use of packaging and secondary 
packaging, signage and marking of products, among others. 

In an ideal scenario, a high degree of coordination planning 
(for the supply, storage and distribution of all organizations of 
the chain) allows us to identify the impact of coordination on 
the logistics network and to determine the best location of 
inventories based on aspects such as demand, availability of 
resources and capacity of production and storage. It is possible 
to obtain advantages in the overall SC planning by using a 
midpoint in the chain as a reference (either manufacturing or 
distribution) for the exchange of information. Such a midpoint 
can then be used as a centralized decision-making spot or as an 
inventory centralized management spot, allowing better 
decision making and achieving global cost reduction [12,28]. 

 

 
Figure 2. Deployment strategy for coordination. 
Source: The Authors. 

 
Figure 3. Planning for coordination. 
Source: The Authors. 

 
 
It is necessary to establish control mechanisms and 

improvement measures for the activities and integrated 
processes in order to evaluate the degree of coordination 
achieved so far, as well as the advantages or benefits in terms 
of organizational goals. These performance indicators may 
include: 

* Number of processed orders/number of received orders. 
* Delays in execution of orders or average waiting times. 
* Joint use of means of labor/Means of labor available. 
* Savings on the use of primary or secondary packaging 
and wrapping. 
* Overbooking savings (over-execution of budget to meet 
unplanned orders). 
Achieving economies of scale, incentives for volume and 

quantity discounts may represent motivating factors to 
initiate processes of inter-organizational coordination. In 
logistics, coordination strategies regarding the size of lots, 
common or joint replenishment times, purchasing pools, joint 
negotiations for contracting support services (e.g., security 
services, locative maintenance, transportation, marketing, 
etc.) or logistics operators, are procedures available to all 
organizations without requiring major structural or 
background changes in their operations. 

To achieve inter-organizational coordination, it is first 
necessary to have a high degree of internal coordination 
within each of the organizations in the SC. This is to say that 
the areas within each organization (namely distribution, 
supply and warehouse)  must be aligned with its own 
particular business strategy and also simultaneously with the 
whole-chain strategy [2]. Both the joint goals that motivate 
the articulation and coordination of operations and the 
organizational goals must be aligned with the overall goals of 
the chain. This, in turn, generating a management cycle that 
requires constant updating and revision by the joint planning 
management team. 

 
4.  Context of the medicines supply chain 

 
In the pharmaceutical industry, it is common to find supply 

chains of multiple levels depending on the degree of 
intermediation required for the acquisition and adequacy of 
medicines. This is particularly true in the case of oncology 
drugs, which must be conditioned prior to application to the 
patients. In Colombia, not all institutions providing health 
services (IPS) have the facilities and the necessary certifications 
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Figure 4. Oncology drugs SC Structure  
Source: The Authors. 

 
 

for the proper conditioning of drugs. Therefore, IPS must rely 
on outsourced services provided by specialized mixing 
centers, which are responsible for collecting, reconditioning 
and redistributing medicines to their customers (Fig. 4). 

The SC of medicines and medical supplies has special 
characteristics that regulate its management and operation. 
First, given the high cost of some medicines and their 
physical-chemical characteristics that determine specific 
storage conditions, it is necessary to ensure the existence of 
a cold chain for many of these medicines. In addition, at 
every IPS, the people responsible for logistics processes may 
not have the required experience in areas such as inventory 
management, procurement of stock, or the use of demand 
prediction techniques. Most importantly, the majority of IPS 
lack WMS systems to facilitate their work. The risk of 
shortages, or medicine stock-outs, leads to having specialists 
prescribing medicines subject to availability and cost criteria. 
Such restrictions promote the use of substituting, less-
effective medicines that match the procurement plans of 
particular institutions (e.g. IPS). 

In the case of oncological medicines in Bogotá, and based 
on fieldwork carried out through surveys and interviews in 
45 IPS that provide oncological services, it was possible to 
determine the following relevant aspects regarding the 
management and logistic activities in the health-care SC: 1) 
the schedule for the application and in-hospital drug 
distribution is made mostly with daily frequency at specific 
times, 2) not all IPS have information systems that show the 
real-time status of medicines inventories , 3) very few IPS 
have indicators to allow monitoring of logistics management, 
4) Only 22% of respondents  perform audits to the process of 
distribution and administration of oncology drugs, and 18% 
have improvement plans for the distribution process and 
management of their inventories. 

Additionally, it was determined that there are multiple 
ways to purchase: according to historical demand, according 
to budget, and according to epidemiological profiles or care 
plans. Regarding the integration of logistics activities, it was 
possible to identify that some IPS have begun to work in 
conjunction with wholesaler distributors by implementing 
pharmacies that operate inside the corresponding IPS. 

 
5.  Mathematical model for measuring the effects of 
coordination 

 
We developed a mixed integer linear programing model 

to show the potential benefits of coordination in the health-
care SC. The model considers global cost of inventory and 
physical flows in the chain. The main idea is to choose the 

position of inventory levels as a function of three factors, 
namely demand, capacity and cost. The model assumes 
known cost structures as well as known demands and 
capacities. In order to choose the best mix of providers to 
deliver medication to the patients while minimizing the 
overall costs of the chain, the model provides a structure in 
which  i (i=1,.., m.) suppliers provide type-p drugs (p=1,.., q.) 
to k (k=1,.., K.) IPS over t (t=1,.., T.) periods to be applied to 
j (j=1,.., n.) patients (Fig. 5). 

The model parameters are: 
 .Fixed transport cost from the supplier i to IPS k݇,݅ܨܥ
	݇,݅ݒܿ

݌ Variable cost of transporting one unit of single type 
drug reference p from supplier i to IPS k.	

݄ܿ݅
 Inventory cost associated to holding one unit of drug݌

p at supplier i at period t.	
ݐ,ܱ݅ܥ

݌ Supply capacity of supplier i to deliver drug p at 
period t. 

 Maximal trips available at period t from supplier iݐ,݇,ܸ݅ܰ
to IPS k.	

 .Warehouse space of Supplier i at period tݐ,݅ܦܧ
݄ܿ݇

 Inventory cost associate to holding one unit of drug p݌
at IPS k.	

	.Warehouse space of IPS k at period tݐ,݇ܦܧ
ݐ,݆ܦ
݌ Demand of drug p necessary for patient j at period t.	

	.Purchase price of drug p݌ܿ݌
	.Budget of IPS k at period t to buy drugsݐ,݇ܦܲ
	.Space required to store one unit of product p݌݄
	.Space required to transport one unit of product p݌ܽ
	.Cargo capacity of the transport mediumܥܥ
The model’s variables are: 
ݐ,݇,݅ݔ
݌ Units of drug p sent from supplier i to IPS  k  at period 

t.	
ݐ,݆,݇ݕ
݌ Units of drug p delivered to the patient j at IPS k at 

period t.	
ݐ,݅ܫ
݌ Inventory level of drug p held by supplier I at period t.	
ݐ,݇ܫ
݌ Inventory level of drug p held by IPS k at period t.	
	.Number of trips from supplier i to IPS k at period tݐ,݇,ܷ݅
 
The objective function is: 
	

Minܼ ൌ ෍ ෍ ෍ ݐ,݇,݅ܨܥ ∗ ݐ,݇,ܷ݅
ܭ

݇ൌ1

݉

݅ൌ1

ܶ

ൌ1ݐ

൅෍ ෍ ෍ ෍ ݐ,݇,݅ݒܿ
݌ ∗ ݐ,݇,݅ݔ

݌
ݍ

ൌ1݌

ܭ

݇ൌ1

݉

݅ൌ1

ܶ

ൌ1ݐ

 

						൅෍෍෍݄ܿ௜,௧
௣ ∗ ௜,௧ܫ

௣ ൅

௤

௣ୀଵ

௠

௜ୀଵ

்

௧ୀଵ
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௣

௤

௣ୀଵ

௄

௞ୀଵ

்

௧ୀଵ

∗ ௞,௧ܫ
௣ 				ሺ0ሻ	

 
The constraints are: 
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௣ ൌ ܥ ௜ܱ,௧

௣ 	൅ 		 ௜,௧ିଵܫ
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௣
௄

௞ୀଵ
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௠
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௞,௧ିଵܫ
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௡
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௝,௧ܦ
௣ ൌ ෍ݕ௞,௝,௧

௣
௄

௞ୀଵ

∀݆, ,݌  ሺ3ሻ																																																							ݐ

 

෍ݔ௜,௞,௧
௣

௄

௞ୀଵ
൑ ܥ ௜ܱ,௧

௣ ∀݅, ,݌  		ሺ4ሻ																																																																					ݐ
 

෍݄௣ ∗ ௞,௧ܫ
௣

௤

௣ୀଵ

൑ ௞,௧ܦܧ 				∀			݇,  ሺ5ሻ																																																															ݐ
 

෍݄௣ ∗ ௜,௧ܫ
௣

௤

௣ୀଵ

൑ ௜,௧ܦܧ 					∀			݅, 	ሺ6ሻ																																																														ݐ
 

෍ܽ௣ ∗ ௜,௞,௧ݔ
௣ ൑ ௜ܷ,௞,௧ ∗ ܥܥ

௤

௣ୀଵ

			∀			݅, ݇, 	ሺ7ሻ																									ݐ

 
௜ܷ,௞,௧ 		

൑ 		ܰ ௜ܸ,௞,௧										∀			݅, ݇, 	ሺ8ሻ																																																		ݐ
 

෍෍ܿ݌௣ ∗ ௞,௝,௧ݕ
௣

௡

௝ୀଵ

௤

௣ୀଵ

൑ 	ሺ9ሻ																							ݐ			,݇		∀							௞,௧ܦܲ	

 
௜,௞,௧ݔ
௣ 	, ௞,௝,௧ݕ

௣
௞,௧ܫ	
௣
௜,௧ܫ	,,
௣ 	, ௜ܷ,௞,௧ 	൒ 0,

	ሺ10ሻ																																			ݏݎ݁݃݁ݐ݊ܫ
 
The Objective function (0) includes the fixed cost of 

transport according to various factors, namely the number of 
trips made, the variable cost of transportation and the cost of 
inventory from suppliers and IPS. 

Constraint (1) represents the balance between the flows 
of medicines of supplier i. This constraint also establishes 
that the amount of inventory of medication p in supplier i at 
period t equals the amount of type-p drug available plus the 
inventory of type-p drug at period t-1, minus the amount of 
drug p sent to IPS k. 

Constraint (2) represents the balance between the flows of 
drugs at IPS k. This constraint states that the amount of p-type 
drug inventory at IPS k, in time period t, is equal to the amount 
of p-type medication received from suppliers in the same 
period, plus the type-p drug inventory from period t-1, minus 
the amount of drug p given to patient j during the t period. 

Constraint (3) shows the balance of type-p drugs required 
for patient j and the amount delivered from IPS k at period t. 

Constraint (4) guarantees that the amount of type-p drug 
to be sent to IPS k cannot exceed the quantities of type-p drug 
available at supplier i at period t. 

Constraint (5) guarantees that the amount of all drugs 
stored in IPS k at period t cannot exceeded the available 
space.    

Constraint (6) guarantees that the amount of all drugs 
stored at supplier i at period t cannot exceeded the available 

space.    
Constraint (7) ensures that the total volume occupied by 

the drugs to be transported from supplier i to IPS k at period 
t is less than or equal to the number of trips that can be 
handled by the volume capacity of the transport medium. 

Constraint (8) ensures that the number of scheduled trips 
from supplier i to IPS k at period t is less than the amount of 
allowable trips between these two locations for the same 
period. 

Constraint (9) ensures that the total purchase cost 
assumed by  IPS k is less than or equal to the total budget in 
period t. 

Constraint (10) ensures that all decision variables are non-
negative and integer. 

 
Likewise, the initial conditions are established: 
 

0,݅ܫ
݌ ൌA1∀		݅ ൌ 1, . . , ݌		݉ ൌ 1, . . , 				ݍ

 
0,݇ܫ
݌ ൌA2∀		݇ ൌ 1, . . , ݌		݉ ൌ 1, . . , 	ݍ

 
Where A1, A2 represent the initial inventory levels. 
And final conditions: 
 

ܶ,݇ܫ
݌ ൌA3		∀		݇ ൌ 1, . . , ݌		݉ ൌ 1, . . , 									;ݍ

 
A3 represents the desired level of inventory at the end of 

the planning horizon T. 
 

6.  Results  
 
To show that coordinated planning can improve the 

performance of the supply chain, the  mathematical model of 
mixed integer linear programming, presented in section 5, 
was used to compare two scenarios with varying  demand 
distributions in the same planning horizon. Patient care is 
performed under the assumption of coordination involving a 
free flow of information and cooperation to satisfy demand 
in the first scenario; and the assumption of non-cooperation 
in the second scenario, where demand exceeds the capacity 
and should be deferred. 

Emulated data resembling real data was used in order not 
to compromise the organization's private data. The main 
objective of the proposed model is to show the potential 
benefits in terms of global SC cost reduction resulting from 
information sharing in the attention planning process. 

To run the proposed model, a sample instance with 3 
suppliers, 2 IPS, and 7 patients (requiring 3 types of drugs), 
in a planning horizon of 5 periods of time was solved. To this 
end, the mathematical modeling package GAMS was used; 
specifically, the CPLEX solver was run on a machine with a 
Core i5 processor of 2.67 GHz and 4 GB RAM. The demand 
distribution data is presented in Table 1. 
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Figure 5. Model  Structure.  
Source: The Authors. 

 
 
To run the model, the following assumptions hold: 1). 

The fixed and variable costs of supplier 1 are higher than 
those of provider 2 and, in turn, the costs of supplier 3 are 
higher than those of provider 2. 2) The costs of keeping type-
p drugs in inventory are 4, 2 and 1 percent the price of the 
corresponding drug for suppliers 1, 2 and 3, respectively. 3) 
The cost of maintaining a type-p drug in the IPS inventory is 
80% of the product’s price, since a drug suitable for one 
patient is rarely appropriate for another. 4) The space to store 
drugs in the oncology department at the IPS is limited. 5) The 
means of transportation from the supplier to the IPS has 
limited capacity. 6) A one-to-one linear relationship is 
assumed between drugs and patients. 

Two scenarios were proposed to show the effects of 
coordination in terms of global SC cost. The baseline 
scenario assumes uncoordinated patient attention ignoring 
capacity restrictions of IPS. The modified scenario assumes 
coordination for patient attention. The results of the two 
scenarios show a reduction in the overall costs of the chain of 
16.33% due to a variation in the behavior of inventories. 

Demand leveling across various planning periods as a 
result of the joint planning process contributes to avoiding 
bottlenecks and shortages of capacity in order to better cope 
with patient attention in the proposed scenarios. The model 
shows how, by varying only the demand in the different time 
periods of the planning horizon (i.e. rescheduling patient 
appointments), it is possible to achieve lower costs as a result 
of the changes in inventory levels (see Table 3 and Table 4). 
In real life, members of the SC would be able to achieve 
savings only by sharing information at different levels of the 
chain. 

 
Table 1. 
Patients (p) attended by period (t) in baseline and modified scenarios and 
drug required. 

   Baseline       Modified     Drug 
p\t 1 2 3 4 5   1 2 3 4 5   1 2 3 

1 0 0 0 1 0   1 0 0 0 0   1 0 0 
2 0 0 0 1 0  0 1 0 0 0  1 0 0 
3 0 0 0 1 0  0 1 0 0 0  0 1 0 
4 0 1 0 0 0  0 0 1 0 0  0 1 0 
5 0 0 0 1 0  0 0 0 1 0  0 0 1 
6 0 1 0 0 0   0 0 0 0 1   0 0 1 
7 0 0 1 0 0   0 0 0 0 1   0 0 1 
Total 0 2 1 4 0   1 2 1 1 2   2 2 3 

Source: Authors. 
 

Table 2. 
Minimum overall cost of the chain in each scenario. 

Baseline   Modified   Savings 
23,231,000    19,437,000     3,794,000  

Source: Authors. 
 
 

Table 3. 
Behavior of inventories in the base scenario. 
  Drug t1 t2 t3 t4 t5 

Supplier1 P1 1 1 4 5 5 

 P2 0 0 4 4 4 
  P3 1 3 3 4 6 

Supplier2 P1 0 0 0 1 1 

 P2 1 1 2 2 3 
  P3 0 1 1 2 2 
Supplier3 P1 0 2 2 2 2 

 P2 0 0 4 4 4 
  P3 1 2 2 2 3 

 Total 4 10 22 26 30 
Source: Authors. 

 
 

Table 4. 
Behavior of inventories in the Modified scenario. 
  Drug t1 t2 t3 t4 t5 

Supplier1 P1 0 0 3 4 4 

 P2 0 0 4 4 4 
  P3 1 5 5 6 6 

Supplier2 P1 0 0 0 2 2 

 P2 1 1 2 2 3 
  P3 0 1 1 2 2 

Supplier3 P1 0 1 1 2 2 

 P2 0 0 4 4 4 
  P3 1 2 2 2 3 

 Total 3 10 22 28 30 
Source: Authors. 

 
 

7.  Discussion and recommendations 
 
By comparing the proposed scenarios, it is possible to 

show that coordination in the SC can have significant effects 
in reducing overall chain costs. However, it is not enough to 
implement strategies and mechanisms that contemplate only 
an isolated logistic chain process. It is, therefore, necessary 
to conduct an integrated planning that allows the articulation 
of multiple processes based on global achievements for the 
chain, such as economies of scale, eliminating duplicate 
efforts and waste minimization. Our example shows how, by 
simply sharing information, it is possible to achieve cost 
reduction. Future research is necessary to find out how to 
share the benefits,fairly among all the SC members. 

To achieve coordination through the SC, standardization 
of processes and procedures as well as the use of similar 
information systems that are easily bondable may be a 
contribute to facilitating the exchange of information for the 
joint planning of the logistics activities and also to controlling 
the inventory levels across the chain. 

In this paper, we have presented a set of methodological 
guidelines that can be applied to achieve coordination of 
activities in the SC. Furthermore, to show that such 
coordination can have a positive effect on reducing the 
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overall costs of the chain, we used   a model of mixed integer 
linear programming that applies to similar contexts and 
serves to illustrate the potential effects of coordinated 
operations. 

To achieve a practical approach to implementating the 
guidelines presented, there must be a high degree of 
commitment and trust between members of the SC to share 
information about their processes and engage in joint 
planning processes. For Future research, we suggest 
simulation scenarios that consider agreements and revenue-
sharing contracts, showing the benefits that can be 
accomplished when sharing the savings that result from the 
coordination of activities in the logistics context. 

In Colombia, the extension and appropriation of recent 
developments in the theory of SC management can have a 
great impact on the planning of logistics activities within 
medical institutions, leading to their improvement and thus 
contributing to improving the services delivered to the 
patient. The development of programs or partnerships that 
enable and facilitate the interaction of professionals and 
researchers in logistics areas, within health institutions and 
control agencies, is needed to generate logistics management 
methodologies, mechanisms and policies that suit the needs 
of the healthcare sector, thus facilitating coordination for the 
whole supply chain. 
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Resumen 
El estudio de la calidad percibida de los servicios ha sido ampliamente estudiado pero poco aplicado en el sector bancario por lo cual 
despierta gran interés por parte de las instituciones prestadoras del servicio e investigadores. Dada la complejidad y gran cantidad de 
variables involucradas, su estimación se convierte en un reto, debido a su característica multidimensional. El presente artículo tiene como 
objetivo determinar las variables que definen la calidad percibida de los servicios bancarios, mediante el análisis de los modelos propuestos 
en el área y bajo una metodología de clasificación que contempla veinticuatro artículos científicos. Para la clasificación se tuvo en cuenta: 
modelo, tipo de variable, año de la propuesta y contexto de aplicación. Se hace el análisis desde la perspectiva del cliente del servicio 
bancario, resultando la siguiente propuesta de variables de calidad: elementos tangibles, garantía, capacidad de respuesta, seguridad, 
empatía, tecnología y conectividad, cobertura, y accesibilidad. 
 
Palabras clave: Calidad de servicio; SERVQUAL; Servicios Bancarios. 

 
 

Relevant variables in the measuring of the perceived quality in bank 
service 

 
Abstract 
The study of the perceived quality of services has been widely studied but little applied in the banking sector which attracts great interest 
from the institutions providing service and researchers. Given the complexity and large number of variables involved, the estimate becomes 
a challenge because of its multidimensional feature. This article aims to determine the variables that define the perceived quality of banking 
services, by analyzing the models proposed in the area and under a classification methodology that includes twenty scientific articles. For 
classification took into account: model variable, year of the proposal and application context. The analysis is done from the client's 
perspective of banking services, resulting in the following proposal for quality variables: tangibles, assurance, responsiveness, assurance, 
empathy, technology and connectivity, coverage and accessibility 
 
Keywords: Quality service; SERVQUAL; Bank Services 

 
 
 

1.  Introducción  
 
La importancia de la calidad ha sido demostrada en el campo 

de las operaciones [1-3], pero poco estudiada y aplicada en el 
sector de servicios, ya que en este último existe una diferencia 
entre el cumplimiento de las expectativas del cliente y la 
satisfacción de sus necesidades. Para las organizaciones es un 
obstáculo medir la calidad del servicio ofrecido a sus clientes 
                                                      
How to cite: Berdugo-Correa, C.R., Barbosa-Correa, R.A. and Prada-Angarita, L.M., Variables relevantes para la medición de la calidad percibida del servicio bancario. DYNA 
83(197), pp. 213-222, 2016. 

porque a estos se les dificulta emitir un juicio de algo intangible. 
De hecho, la heterogeneidad de los servicios lleva a que cada 
persona perciba su calidad de manera diferente porque no todos 
la valoran igual. La calidad se convierte en un reto para este tipo 
de organizaciones ya que su sostenibilidad se basa en la recompra 
y recomendación de los mismos, entre otros. 

Si bien es categórico que toda organización tiene como meta 
ganar dinero, la velocidad de cambio del mundo actual ha 
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obligado a las mismas a crear ventaja competitiva mediante el 
aumento de la satisfacción del cliente. Esto requiere que se 
concentren no sólo en el proceso, sino en la manera en que son 
entregados. Desde el punto de vista del consumidor, la calidad se 
puede definir como el grado de aceptación de un producto o 
servicio, así a mayor aceptación, mayor calidad [4]. La calidad 
del servicio se entiende como una actitud o juicio global del 
cliente acerca de la superioridad del mismo y difiere de la 
satisfacción del cliente, aunque la naturaleza exacta de esta 
diferencia genera discusión [5].  

Otros autores definen la calidad del servicio como la 
diferencia entre lo percibido y lo esperado, es decir, una 
comparación entre las expectativas y el desempeño percibido [6]. 
Otros argumentan que es una comparación del desempeño con 
los estándares ideales [7], mientras que hay autores que proponen 
que es la percepción del desempeño en sí misma la que define la 
calidad [8]. 

Prakash y Mohanty [9] aseguran que la calidad de los 
servicios genera buenos dividendos cuando se hace bien, por lo 
que invertir dinero y tiempo en su mejoramiento, aumenta las 
ventas, retiene al clientes y logra la exclusividad de uso por parte 
de los usuarios. La calidad de servicio también se define como la 
percepción que tiene el cliente sobre el servicio recibido [10]; 
dicha percepción es producto de la discrepancia entre las 
expectativas que tenía antes de recibir el servicio y el desempeño 
actual. No obstante, los clientes no perciben la calidad de servicio 
como un concepto unidimensional, si no que hacen una 
diferenciación de la información en varias dimensiones [10].  

Adicionalmente, ofrecer servicios de calidad se ha convertido 
en una necesidad dada la gran variedad de alternativas 
disponibles que tienen los clientes. Los competidores son cada 
vez más veloces en atender las nuevas demandas por lo que la 
calidad debe convertirse en una ventaja competitiva de toda 
organización. Por todo esto, la calidad del servicio debe estar 
inmersa en las estrategias de las organizaciones; un servicio de 
calidad conlleva a fortalecer relaciones con los clientes, aumenta 
su satisfacción y lealtad, por ende las ventas y la participación en 
el mercado, generando mayor crecimiento y rentabilidad. 

El principal propósito de este estudio es determinar las 
variables claves para la medición de la calidad del servicio 
bancario, utilizando una metodología para la identificación, 
clasificación y análisis de las variables hasta ahora estudiadas. 

Se tomó como referente la metodología propuesta por Galván 
[11], que facilitó la evaluación de los variables que impactan la 
percepción de la calidad de los servicios, los modelos, las 
diferentes metodologías utilizadas, los alcances y limitaciones 
encontradas y los sectores de aplicación para comprender el 
panorama mundial y en Colombia, específicamente de la región 
Caribe, acerca de la conceptualización, medición y análisis de la 
calidad de los servicios bancarios. 

 
2.  Metodología 

 
Las principales corrientes sobre la conceptualización de 

la calidad se basan en la diferencia entre lo que los clientes 
esperan y lo que perciben; otras argumentan que este 
parámetro no es el más adecuado y proponen otros. La 
principal raíz de la problemática consiste en determinar las 
variables que miden la calidad del servicio con el fin de tener 
un conocimiento real sobre lo que reciben los clientes y lo 
que esperan recibir. Se encuentran en la literatura varios 

modelos conceptuales y prácticos propuestos que se pueden 
clasificar en dos grandes corrientes: la escuela nórdica o norte 
europea y la escuela norteamericana [12].  

La escuela nórdica está encabezada por los aportes 
realizados por Grönroos [13,14] y Lehtinen y Lehtinen [15]. 
Sus aportes se fundamentan en el concepto de la 
tridimensionalidad de la calidad de servicio. La medida de 
dicha calidad la obtienen a partir de la opinión del cliente, 
quien determinará si el servicio recibido ha sido superior o 
inferior a lo esperado. Esta escuela se ha focalizado 
principalmente en el concepto de calidad de servicio sin 
entrar a buscar evidencias empíricas que lo soporten. Esta ha 
sido la principal razón por la que no ha sido ampliamente 
desarrollada.  

Por otra parte, la escuela norteamericana de calidad de 
servicio, se encuentra encabezada por los aportes realizados 
por Parasuraman, Zeithaml y Berry [16,6] quienes 
propusieron el modelo SERVQUAL. Este define la calidad 
de servicio como la diferencia entre las expectativas previas 
al consumo del servicio y la percepción del servicio prestado. 
Esta escuela es la precursora de muchos modelos aplicados a 
diversos sectores. 

En la determinación de las variables claves para la 
medición de la calidad del servicio bancario, se realizaron 
una serie de pasos que incluyeron consecutivamente, el 
análisis de los modelos de la medición de la calidad del 
servicio en general encontrados en la literatura, y 
posteriormente, las propuestas dirigidas específicamente al 
sector bancario, luego se listaron dichas variables, teniendo 
en cuenta su definición y frecuencia de aparición para 
consecutivamente desarrollar un análisis de Pareto que 
permitió seleccionar y proponer los atributos finales de la 
calidad del servicio bancario con su respectiva definición. A 
continuación se describen estas etapas. 

 
2.1.  Modelos conceptuales de calidad del servicio  

 
2.1.1.  Modelo de Grönroos 

 
El modelo técnico y funcional propuesto por Grönroos 

[13,14] define la calidad percibida del servicio como un 
proceso evaluativo en el cual el cliente compara sus 
expectativas del servicio con lo que el percibe que ha recibido 
en el servicio, proponiendo tres dimensiones básicas que 
influyen en la calidad del servicio: calidad técnica 
(corresponde al soporte físico, los medios materiales, la 
organización interna, en conclusión, lo “qué” el consumidor 
recibe), calidad funcional (la forma en que el consumidor es 
tratado en el desarrollo del proceso de prestación del servicio, 
en conclusión, el “cómo” se recibe) e imagen corporativa (la 
forma en que los clientes perciben la organización).  

 
2.1.2.  Modelo de Bitner 

 
El modelo propuesto por Bitner [17] describe la calidad 

de servicio percibida como una consecuencia de la 
experiencia satisfacción/insatisfacción. En esta teoría se 
presenta un paradigma por la disconformidad que existe entre 
el resultado del servicio percibido en una transacción, con 
base en determinadas características, y las expectativas de 
servicio, las cuales se forma el cliente de acuerdo con la 
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actitud inicial que tenga antes de recibir el servicio. Esta 
disconformidad afecta la experiencia de 
satisfacción/insatisfacción del cliente y, posteriormente, la 
calidad de servicio percibida, derivándose las conductas post-
compra.  

 
2.1.3.  Modelo de Nguyen 

 
El modelo de calidad de los servicios propuesto por 

Nguyen [18] se estructura a partir de las relaciones entre los 
componentes: imagen de la empresa, resultado del personal 
en contacto, organización interna de la servucción, soporte 
físico de la servucción y la satisfacción del cliente, todos 
estos componentes explican la evaluación de la calidad de un 
servicio hecha por el cliente.  

 
2.1.4. Modelo de Bolton y Drew 

 
El modelo de disconformidad de Bolton e Drew [19] 

sostiene que la calidad de servicio es una actitud frente a la 
empresa y todos sus servicios, mientas que la satisfacción se 
expresa con respecto al servicio ofrecido localmente y es de 
la calidad de servicio percibida, de la que se derivan las 
intenciones comportamentales. Los autores asumen que las 
expectativas del cliente se forman por la comunicación boca-
oído, las necesidades personales del cliente y sus 
experiencias pasadas, mientras que las percepciones se 
evalúan con base en atributos y dimensiones del servicio y 
que dichos atributos se pueden clasificar en organizacionales 
y de ingeniería. De la disconformidad entre las expectativas 
de los clientes y las percepciones en función de dichos 
atributos y dimensiones, el cliente quedará satisfecho o 
insatisfecho y, resultado de varias satisfacciones, el cliente 
percibirá calidad en el servicio.  

 
2.1.5. Modelo de Chakrapani 

 
El modelo tridimensional para la medición de la calidad 

propuesto por Chakrapani [20] hace diferenciación sobre la 
calidad del servicio medida a partir de lo que denominan 
servicio personal y funcional, siendo el servicio personal aquel 
que hace referencia a la relación con el cliente y el funcional a 
aquel relacionado con características que para ser modificadas 
o mejoradas no necesitan a los clientes, similares a lo que 
podrían ser características funcionales de un producto. 

Siguiendo esta línea, los autores realizan el siguiente 
dimensionamiento: (a) Primera: servicio o producto que se 
ofrece, teniendo en cuenta si es aquel que el cliente quiere, si 
satisface sus necesidades; (b) Segunda: Dependencia, se refiere 
a la confianza que el cliente tiene en que el servicio o producto 
se ofrecerá; y (c) Tercera: exceder expectativas, se refiere a si 
el servicio ofrecido excede las expectativas del cliente y lo hace 
ver importante.  

Este modelo es básicamente conceptual; propone analizar el 
mercado como un conjunto de líneas, cuadrados y esferas que 
corresponden a las dimensiones anteriormente mencionadas. Si 
la organización prestadora del servicio solo se comporta como 
una línea(es decir únicamente es fuerte en la primera 
dimensión) mientras su entorno se comporta como cubos y 
esferas, no se alcanzará el éxito en la prestación del servicio. 

 

2.1.6. Modelo de Rust y Oliver 
 
El modelo de los tres componentes propuesto por Rust y 

Oliver [21] establece tres elementos para la calidad del 
servicio que son: (a) Servicio y sus características, dadas en 
el diseño del servicio antes de ser entregado; (b) Entrega del 
servicio y (c) Entorno o ambiente del servicio interno en 
donde se incluye la cultura organizacional y el externo que 
contiene el ambiente físico que se utiliza para la prestación 
del servicio. Su planteamiento inicial fue para productos 
físicos pero fue redefinido para los servicios. Según los 
autores, el servicio y sus características se refieren al diseño 
antes de ser entregado al cliente.  

 
2.1.7. Modelo de Parasuraman, Zeithaml y Berry 

 
Por otro lado, el modelo SERVQUAL: modelo del gap 

(SERVICE QUALITY) propuesto por Parasuraman, 
Zeithaml e Berry [16] se centra en el punto de vista del cliente 
ya que define la calidad del servicio como la diferencia entre 
las expectativas y la percepción del desempeño que tiene el 
cliente con respecto al servicio, de esta forma mide la calidad 
del servicio a través de la sustracción entre la puntuación que 
los clientes le dan al desempeño y a las expectativas. El 
modelo propuesto se basa en el análisis de las brechas o 
“Gaps”. Estos “gaps” se describen de la siguiente manera:  
 Gap 1: discrepancia entre las expectativas de los clientes 

sobre un servicio concreto y las percepciones o creencias 
que se forman los directivos sobre lo que espera el cliente 
de ese servicio. 

 Gap 2: diferencia entre las percepciones de los directivos 
y las especificaciones o normas de calidad. 

 Gap 3: discrepancia entre las especificaciones o normas 
de calidad del servicio y la prestación del mismo. 

 Gap 4: diferencia entre la prestación del servicio y la 
comunicación hacia los clientes acerca de la entrega del 
servicio. 

 Gap 5: diferencia entre las expectativas del cliente y la 
percepción del servicio. Este “Gap” depende de la 
dimensión y el sentido de las otras cuatro brechas 
asociadas con la entrega del servicio por parte de la 
empresa. (GAP5=GAP1+GAP2+GAP3+GAP4) 
En [6] los autores establecen las dimensiones de la 

calidad del servicio como: confiabilidad, responsabilidad, 
tangibilidad, seguridad y empatía. A partir del modelo 
SERVQUAL surgieron una buena parte de trabajos 
realizados por otros investigadores. 

 
2.1.8. Modelo de Cronin Jr e Taylor. 

 
Por otro lado, el modelo SERVPERF propuesto por 

Cronin Jr y Taylor [8] es basado en el desempeño en 
contraposición del modelo SERVQUAL. SERVPERF se 
basa únicamente en el desempeño o la percepción del 
desempeño. Determina la calidad del servicio como 
antecedente de la satisfacción del cliente.  

El modelo SERVPERF consiste en una escala de 22 
ítems, que produce como resultado una puntuación de la 
calidad general del servicio. Se compone de los mismos ítems 
que el modelo SERVQUAL pero se diferencia en que solo 
hace énfasis en la parte de las percepciones, lo que quiere 
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decir que en la práctica únicamente se realiza una parte de las 
dos que componen el cuestionario de SERVQUAL. 

 
2.1.9.  Modelo de Teas 

 
El modelo de desempeño evaluado de Teas [7] desarrolló 

y contrastó empíricamente las escalas desempeño evaluado y 
calidad normalizada como instrumentos alternativos para 
medir la calidad de servicio percibida. El desempeño 
evaluado se produce por la necesidad de conceptualizar las 
expectativas como puntos ideales en los modelos 
actitudinales; y la calidad normalizada integra el concepto de 
punto ideal clásico, con el de expectativa revisada. Este 
modelo plantea que el incremento de la diferencia entre las 
percepciones y las expectativas puede no reflejar 
necesariamente un incremento continuo en los niveles de 
calidad percibida, como implica SERVQUAL. 

 
2.1.10. Modelo de Philip e Hazlett 

 
El modelo PCP de Philip e Hazlett [22] (PCP-Pivotal-

Core-Peripheral) está estructurado en tres niveles jerárquicos 
con el que se propone un marco de trabajo más general que 
el ofrecido por SERVQUAL. La estructura se basa en las tres 
clases principales de atributos: fundamental o pivote 
(salidas), nuclear y periférica, que conjuntamente representan 
insumos y procesos. 

Los atributos fundamentales son considerados como los 
determinantes sobre la razón por la que el cliente decidió 
acercarse a una organización en particular y están definidos 
como “producto terminado” o “salida”, es decir, lo que el 
consumidor espera obtener y recibir. Los atributos nucleares 
o básicos pueden ser descritos como el conjunto de las 
personas, los procesos y la estructura organizacional de 
servicios a través del cual los clientes tienen que interactuar 
y/o negociar para que puedan lograr recibir el atributo 
fundamental. Los atributos periféricos se definen como 
aquellos que complementan la entrega del servicio y 
permiten que la experiencia del cliente sea satisfactoria. 
Cuando el cliente evalúa la calidad del servicio recibido, se 
basa principalmente en los atributos fundamentales. 

 
2.1.11.  Modelo de Koelemeijer, Roest y Verhallen 

 
El modelo integrador propuesto por Koelemeijer, Roest y 

Verhallen [23] aporta un esquema con una estructura 
integradora, en la que el resultado y las expectativas se 
encuentran en tres planos: (A) Macro, indica expectativas y 
percepciones de resultado respecto a clase-productos; (B) 
Meso, indica expectativas y percepciones de resultado con 
respecto al proveedor de servicio; y (C) Micro, indica 
expectativas y resultado percibidos con respecto a una 
transacción individual. La comparación entre expectativas y 
resultado percibido en calidad y precio, resulta en valor 
percibido para cada nivel. 

 
2.1.12.  Modelo de Brady y Cronin Jr 

 
El modelo jerárquico multidimensional propuesto por 

Brady y Cronin Jr [24] plantean que la medición de la calidad 
se realiza a partir de dimensiones que a su vez son 

conformadas por subdimensiones, proponiendo un análisis 
multinivel y estructural. El modelo no tiene una estructura 
estandarizada, es básicamente la integración de instrumentos 
y modelos anteriormente propuestos por [14, 6, 21, 25] para 
conformar una estructura global de medición de la calidad del 
servicio. A través de los diferentes modelos propuestos, es 
evidente que la calidad percibida es una variable 
multidimensional por lo que se manifiesta a través de una 
serie de constructos con un alto grado de correlación. 

 
2.2. Modelos para la medición de la calidad del servicio 

bancario 
 
Las dimensiones o factores no son universales como 

algunos autores como Parasuraman, Zeithaml e Berry [6] han 
sostenido, sino que son específicos del tipo de servicio [26]. 
En el estudio presentado por Sangeetha y Mahalingam [27] 
se identifican varios modelos aplicados al sector bancario, 
sus fortalezas y limitaciones. Se muestra a continuación una 
exploración de los modelos, identificando las variables 
consideradas y las principales observaciones de los mismos.  

 
2.2.1. Modelo de Mersha y Adlakha  

 
El modelo de atributos de calidad del servicio desde la 

perspectiva de los clientes propuesto por Mersha y Adlakha 
de [28] tiene como objetivo de estudio, identificar y clasificar 
los atributos de calidad desde la perspectiva de los 
consumidores (los autores modificaron y extendieron el 
instrumento SERVQUAL incluyendo preguntas adicionales 
para evaluar el núcleo del servicio, la personalización del 
servicio y el conocimiento e información). En este caso, los 
atributos de la “buena” y “mala” calidad de los servicios se 
identifican y clasifican por separado. Cinco servicios fueron 
seleccionados para el estudio: médicos, banca minorista, 
mantenimiento de automóviles, escuelas / universidades y 
restaurantes de comida rápida. 

Según el estudio, los seis atributos de buena calidad en el 
servicio son: 1 el conocimiento del servicio; 2 exhaustividad 
/ precisión; 3 la consistencia / fiabilidad; 4 costo razonable; 5 
la disposición para corregir errores; y 6 servicio oportuno / 
rápido. También se plantearon los seis atributos de mala 
calidad del servicio más relevantes son: 1 falta de 
conocimiento sobre el servicio; 2 indiferencia del empleado 
o actitud “no me importa; 3 renuencia a corregir errores; 4 
inconsistencia del servicio; 5 servicio descuidado o poco 
riguroso; y 6 altos costos. 

Para el servicio de la banca minorista, las características 
más importantes de buena calidad encontradas fueron: 1 
voluntad para corregir errores; 2 exhaustividad / precisión; 3 
la consistencia / fiabilidad; y 4 habilidad de conocimiento. Se 
encontró también que las características más importantes de 
la mala calidad del servicio son: 1 renuencia a corregir 
errores; 2 indiferencia del empleado; 3 falta de conocimiento 
sobre el servicio; y 4 servicio descuidado o poco riguroso. 

 
2.2.2. Modelo de Ennew, Reed y Binks 

 
En el análisis de la Importancia-Desempeño y la calidad 

del servicio de Ennew, Reed y Binks [29] los autores 
examinan los problemas relacionados con la medición de la 
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calidad de los servicios y presentan un conjunto de índices 
para proporcionar medidas de expectativas, percepciones y la 
satisfacción general.  

Las 11 dimensiones de la calidad de los servicios 
utilizados en este análisis fueron: 1. conocimiento del 
negocio; 2. conocimiento de la industria; 3. conocimiento del 
mercado; 4. otorga consejos útiles; 5. amplia gama de 
servicios; 6. tasas de interés competitivas; 7. cargos/costos 
competitivos; 8. rapidez de la decisión; 9. diseño de las 
finanzas; 10. Negociar con una persona; y 11. fácil acceso a 
oficial de préstamo. 

 
2.2.3. Modelo de Avkiran 

 
La escala de la calidad del servicio al cliente propuesta 

por Avkiran [30] tuvo como propósito desarrollar un 
instrumento multidimensional que pudiera ser aplicado para 
la medición de la calidad del servicio al cliente según su 
percepción de la red de sucursales bancarias. Los autores 
tomaron como punto de partida el trabajo desarrollado por 
Parasuraman, Zeithaml y Berry [16], El trabajo resultó en un 
instrumento de 17 puntos en 4 dimensiones para medir la 
calidad del servicio al cliente en la red de sucursales 
bancarias, con un enfoque en la banca minorista. Las cuatro 
dimensiones que surgieron son: conducta del personal, 
credibilidad, comunicación y acceso a los servicios de cajero. 

 
2.2.4. Modelo de Blanchard y Galloway 

 
El modelo de la calidad del servicio de Blanchard y 

Galloway [31] determina la percepción de los clientes 
respecto a los requerimientos de calidad de servicio en la 
banca minorista usando SERVQUAL [6]. Debido a que dicho 
modelo no fue exitoso para proporcionar alguna idea acerca 
de cómo mejorar el servicio, los autores intentaron 
desarrollar un modelo alternativo de mayor utilidad. El 
modelo propuesto se basa en tres dimensiones: el proceso / 
resultado (diseño de servicios y los resultados), subjetivo / 
objetivo (medida del grado en que la calidad del servicio 
puede ser objetivamente valorada) y “soft” / “hard” (“Hard” 
representa aspectos físicos del servicio, mientras que “Soft” 
representa la interacción interpersonal). 

 
2.2.5. Modelo de Johnston 

 
El modelo de los factores de calidad del servicio basado 

en la satisfacción propuesto por Johnston [32] provino 
cuando el autor encontró una paradoja inquietante en el sector 
bancario del Reino Unido dada la cantidad de reportes de 
insatisfacción de los clientes, a pesar de los grandes esfuerzos 
por tratar de mejorar el servicio. El estudio clasifica los 
factores de calidad en términos de su importancia relativa y 
su efecto sobre la satisfacción y la insatisfacción. Los 18 
factores determinantes de la calidad de los servicios 
propuestos son: 1. Accesibilidad; 2. Estética; 3. Atención; 4. 
Disponibilidad; 5. Cuidado; 6. Limpieza/Pulcritud; 7. 
Comfort; 8. Compromiso; 9. Comunicación; 10. 
Competencia; 11. Cortesía; 12. Flexibilidad; 13. Amabilidad; 
14. Funcionalidad; 15. Integridad; 16. Fiabilidad; 17. 
Capacidad de respuesta; y 18. Seguridad. 

 

2.2.6. Modelo de Joseph, Mcclure y Joseph 
 
El modelo desarrollado por estos autores está basado en 

la tecnología utilizada para la entrega de la calidad del 
servicio en donde, el uso de esta tecnología en la prestación 
de servicios bancarios, es cada vez más frecuente ya que 
permite reducir los costos y eliminar incertidumbres. Este 
estudio se centra en el papel que desempeña la tecnología en 
la banca australiana y su impacto en la prestación de la 
calidad del servicio percibida. 

Joseph, Mcclure y Joseph [33] utilizaron la cuadricula de 
Hemmasi, Strong y Taylor [34] e identificaron un modelo de 
seis factores consistentes en: 1. Conveniencia / precisión; 2. 
Realimentación feedback. / Gestión de reclamaciones; 3. 
Eficiencia; 4. Gestión de colas; 5. Accesibilidad; y 6. 
Personalización. 

 
2.2.7. Modelo de Bahia y Nantel 

 
En el modelo para la calidad del servicio bancario de 

Bahia y Nantel [35] los autores sostienen que los 
instrumentos disponibles incluyen una escala diseñada para 
bancos específicos, o instrumentos no diseñados 
específicamente para el servicio bancario sino para una 
amplia gama de servicios. Dado lo anterior, los autores 
proponen una escala de 31 puntos para medir la calidad 
percibida de los servicios bancarios que abarcan seis 
dimensiones: 1. Efectividad y seguridad; 2. Accesibilidad; 3. 
Precio; 4. Tangibles; 5. Portafolio de servicios; y 6. 
Fiabilidad. 

 
2.2.8. Modelo de Sureshchandar, Rajendran y 

Kamalanabhan 
 
Estos autores [36] revisaron exhaustivamente el modelo 

de [4] SERVQUAL y sus 22 puntos lo que implicó 
analizarlos desde la interacción/intervención de los humanos 
en la entrega del servicio, además de las facetas tangibles de 
servicio. El instrumento parece haber pasado por alto algunos 
otros factores importantes, por ejemplo: Servicio principal 
(producto), sistematización / estandarización de la prestación 
de servicios (el elemento no humano) y la responsabilidad 
social de la organización. En un esfuerzo por conceptualizar 
la calidad del servicio, estos autores identificaron cinco 
factores de calidad de servicio que son: 1. Servicio principal 
producto.; 2. Elemento Humano en la prestación del servicio; 
3. Sistematización de la prestación del servicio; 4. Tangibles; 
y 5. Responsabilidad social de la organización.  

 
2.2.9. Modelo de Aldlaigan y Buttle 

 
El Modelo SYSTRA propuesto por Aldlaigan y Buttle 

[37] es un instrumento para medir la calidad percibida basado 
en el modelo propuesto por [13] realizado especialmente para 
los servicios bancarios, concluyendo en una escala de 21 
ítems basados en la calidad a nivel organizacional y 
transaccional. Desarrolló las siguientes 4 dimensiones: 1. 
Calidad del sistema de servicio, 2. Calidad de 
comportamiento del servicio, 3. Calidad de servicio de las 
máquinas y 4. Exactitud transaccional del servicio. 
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2.2.10.  Modelo de Al-Hawari, Hartley y Ward 
 
Para Al-Hawari, Hartley y Ward [38] la calidad del 

servicio automatizado se plantea como el factor que 
determina el éxito o el fracaso del comercio electrónico. Los 
autores afirman que los modelos disponibles en la actualidad 
están limitados en su enfoque, porque abarcan sólo un canal 
electrónico – Internet – haciendo caso omiso de los demás 
canales de servicio automatizadas. En relación con el sector 
bancario, las investigaciones han identificado que los clientes 
tienden a utilizar una combinación de canales. Por lo tanto, 
los autores se esfuerzan por desarrollar un modelo integral 
teniendo en cuenta las características únicas de cada canal de 
distribución y otras dimensiones que tienen una influencia 
potencial sobre la calidad. Los autores proponen cinco 
factores: 1. Servicio de cajeros automáticos; 2. Servicio de 
banco por Internet; 3. Servicio de banco por teléfono; 4. 
Servicio básico; y 5. Percepción del cliente sobre el precio. 

 
2.2.11.  Modelo de Karatepe, Yavas y Babakus 

 
La escala de calidad de servicio para la banca propuesta 

por Karatepe, Yavas y Babakus [39], los autores 
desarrollaron un instrumento de 20 puntos para medir las 
percepciones de los clientes sobre la calidad del servicio 
bancario en el norte de Chipre. Los resultados mostraron que 
la calidad del servicio podría ser conceptualizada y medida a 
través de cuatro dimensiones: 1. Ambiente del servicio; 2. 
Calidad de la interacción; 3. Empatía y 4. Confiabilidad.  

 
2.2.12.  Modelo de Ehigie 

 
EL modelo de las expectativas y servicio percibido por 

parte de los clientes de Ehigie [40] en la que los autores 
desarrollaron una escala mediante la técnica cualitativa para 
medir las variables que intervienen en las expectativas del 
cliente, la calidad de servicio percibida y la satisfacción que 
impactan la lealtad de los clientes hacia los bancos en 
Nigeria, se encontraron las siguientes variables: 1. 
trabajadores del banco con el dominio de las habilidades 
requeridas; 2. trabajadores del banco con el conocimiento y 
experiencia requerida; 3. continuidad del servicio al cliente 
en los próximos años; 4. entender las necesidades de los 
clientes; 5. oferta de un servicio rápido y eficiente; 6. 
proporcionar seguridad física a los clientes; 7. 
confidencialidad de las transacciones; 8. actitud positiva del 
personal de servicios al cliente; 9. fiabilidad de banco; 10. 
buena reputación del banco; 11. amabilidad del personal; 12. 
mantener a los clientes informados, 13. escuchar a los 
clientes; 14. la inclusión de servicio bancario los sábados; 15. 
horarios bancarios extendidos; y 16. la cobertura del seguro 
para los clientes. 

 
3.  Resultados 

 
3.1. Comparativo de atributos de la calidad 

 
En resumen, se encuentran una variedad de dimensiones 

en común a través de los diferentes modelos y aplicaciones 
desarrollados para medir la calidad del servicio. En la Tabla 
1 se muestra un resumen de las variables encontradas en la 

literatura. Cabe resaltar que aunque los títulos o nombres de 
las variables no coincidían exactamente entre los modelos, el 
concepto desarrollado por cada autor sí, por tanto fueron 
agrupadas las siguientes categorías de variables: Tangible, 
Garantía, Capacidad de Respuesta, Seguridad, Empatía, 
Tecnología y Conectividad, Cobertura, Accesibilidad, 
Precio, Responsabilidad Social e Imagen Corporativa. 

En la Fig. 1 se resumen el porcentaje de atributos 
considerados a través de los diferentes modelos analizados, 
teniendo en cuenta que fueran mencionados explícitamente o 
en su concepto en la literatura. 

 
Tabla 1. 
Atributos considerados por los modelos 
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[10,11] x x x  x x  x   x 
[4] x x x x x       
[14] x    x  x x x   
[15] x x x  x      x 
[16] x x x x x x      
[17] x x x x x       
[6] x x x x x       
[5] x x x x x       
[18] x x x x x  x x    
[20] x x x x x  x x x   
[19] x x x x x   x    
[21] x x x x x   x x x x 
[25]  x x x x    x   
[26]  x x x x  x  x   
[27]  x x x x       
[28] x x x x x       
[29] x x x x x       
[30]  x x x x   x    
[32] x x  x x  x x x   
[33] x x x x x x    x  
[34] x x x x x   x    
[35]      x  x x   
[36] x x x x x       
[37] x x x x x      x 

Fuente: Los Autores  

 
 

 
 
Figura 1: Porcentaje de atributos considerados a través de los modelos más 
relevantes sobre la calidad del servicio 
Fuente: Los Autores  
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Figura 2: Diagrama de Pareto: variables medición de la calidad del servicio. 
Fuente: Los Autores  

 
 

3.2.  Variables relevantes en la medición de la calidad del 
servicio bancario 

 
Resumida la frecuencia de aparición de las variables 

relevantes para la medición de la calidad del servicio 
bancario, se propone un análisis de Pareto para establecer las 
variables más importantes. El principio de Pareto se basa en 
la proporción 80-20 que indica que el grupo minoritario, 
formado por un 20% de población, ostenta el 80% de algo y 
el grupo mayoritario, formado por un 80% de población, el 
20% de ese mismo algo. Como lo muestra la Figura 2, se 
encuentran en el grupo minoritario, las variables Garantía, 
Empatía, Seguridad, Capacidad de Respuesta, Tangible y 
Accesibilidad. En el grupo mayoritario las variables Precio, 
Cobertura, Imagen Corporativa, Tecnología y Conectividad 
y Responsabilidad Social. 

Aunque las variables Cobertura y Tecnología y 
Conectividad quedan en segundo plano de acuerdo con al 
análisis de Pareto, se considera que para el sector bancario no 
pueden ser descartadas y se proponen como variable 
relevante para medir la calidad del servicio bancario. 

Se plantean las siguientes variables para medir la calidad 
del servicio bancario: 1. Tangible; 2. Garantía; 3. Capacidad 
De Respuesta; 4. Seguridad; 5. Empatía; 6. Tecnología y 
Conectividad; 7. Cobertura; y 8. Accesibilidad. La 
conceptualización de cada una de ellas, se describe a 
continuación. 

 
3.2.1.  Variable elementos tangibles 

 
Debido a la naturaleza intangible de los servicios 

bancarios, el cliente asocia los elementos relacionados con el 
ambiente físico cuando evalúa la calidad de servicio [41]. En 
el modelo [32] proponen el factor estética y lo definen como 
el grado en que los servicios son agradables para el cliente, 
incluyendo tanto la apariencia como el ambiente del entorno 
de servicio, el aspecto y la presentación de las instalaciones, 
bienes y personal. Por su parte, en el modelo [36], el factor 
tangible del servicio contempla los equipos, la señalización, 
la apariencia de los empleados y el ambiente físico hecho por 
el hombre que rodea el servicio. En el modelo [39] se plantea 
la dimensión de ambiente de servicios que se refiere a la 

apariencia y el aspecto tanto interior como exterior de las 
instalaciones del banco. La variable tangible está propuesta 
en el modelo SERVQUAL de [42] definida como la 
apariencia de las instalaciones físicas, equipos, personal y 
elementos de comunicación. Se adapta esta definición y se 
ajusta al contexto bancario:  

La variable tangible se define como los elementos visibles 
que tiene el banco relacionados con las condiciones físicas, 
apariencia y cantidad de los recursos de: instalaciones, 
equipos, personal y dispositivos de comunicación y 
operación necesarios para proporcionar un buen servicio. 

 
3.2.2.  Variable garantía 

 
La dimensión técnica del modelo propuesto en [13,14] 

incluye los factores de habilidades técnicas del personal, 
conocimiento del empleado, soluciones técnicas y sistemas 
computarizados. En [28] para el servicio de la banca minorista 
plantean como características importante de buena calidad la 
exhaustividad / precisión y la consistencia / fiabilidad; y en [29] 
la dimensión de negociar con una persona está relacionada con 
la garantía. Por su parte en [30] se plantea la dimensión 
Conducta del personal definida como la capacidad de respuesta, 
la conducta civilizada y la presentación del personal que 
proyecte una imagen profesional a los clientes.  

En [32] proponen los factores de compromiso, integridad 
y fiabilidad relacionados con la garantía. En [40] se plantea 
la continuidad del servicio al cliente en los próximos años 
relacionados con la garantía.  

En el modelo de [37] se plantea la exactitud transaccional 
del servicio que mide la exactitud percibida por los clientes 
del servicio y sus empleados. Por su parte el modelo de [39] 
plantea la confiabilidad que se refiere a la fiabilidad del 
servicio y la exactitud de los registros e información. La 
variable garantía está propuesta en el modelo SERVQUAL 
de [34] definida como la capacidad de realizar el servicio 
prometido de forma fiable y precisa. Se adapta esta definición 
y se ajusta al contexto bancario:  

La variable garantía se define como la capacidad que 
tiene el banco para cumplir los compromisos realizados con 
el cliente, incluyendo tiempo, conocimiento, confianza y 
precisión necesaria para proporcionar un buen servicio. 

 
3.2.3.  Variable capacidad de respuesta  

 
En [28] uno de los atributos de la buena calidad en el 

servicio es la rapidez y oportunidad en la entrega del servicio 
y en [96] las dimensiones de otorgar consejos útiles y rapidez 
de la decisión están relacionadas con la capacidad de 
respuesta. Por su parte en [30] se plantea la dimensión 
credibilidad, en [32] proponen los factores de atención, 
disponibilidad, cuidado, amabilidad y capacidad de 
respuesta. En el estudio de [40]  se contemplan las variables 
oferta de un servicio rápido y eficiente, actitud positiva del 
personal de servicios al cliente y amabilidad del personal. 

La variable capacidad de respuesta está propuesta en el 
modelo SERVQUAL de [42] definida como la voluntad de 
ayudar a los clientes y ofrecer un servicio rápido. Se adapta 
esta definición y se ajusta al contexto bancario:  

La variable capacidad de respuesta se define como la 
capacidad que tiene el banco para dar solución rápida y 
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eficiente ante los requerimientos del cliente, y que son 
necesarios para que el banco proporcione un buen servicio. 

 
3.2.4.  Variable seguridad  

 
En [29] las dimensiones de conocimiento del negocio, 

conocimiento de la industria y conocimiento del mercado 
están relacionadas con la seguridad. 

Por su parte en [30] se plantea la dimensión comunicación 
entendida como la asesoría financiera y notificación oportuna 
a los clientes. En [32] proponen los factores de 
comunicación, competencia, cortesía y seguridad. En el 
estudio [33] se identificaron los factores eficiencia y gestión 
de colas, así como también en [35] se contemplan las 
variables efectividad y seguridad. 

En el estudio de [40] se contemplan las variables de 
trabajadores del banco con el dominio de las habilidades 
requeridas, trabajadores del banco con el conocimiento y 
experiencia requerida, proporcionar seguridad física a los 
clientes, confidencialidad de las transacciones, fiabilidad de 
banco y mantener a los clientes informados. 

La variable seguridad está propuesta en el modelo 
SERVQUAL de [42] definida como el conocimiento y la 
cortesía de los empleados y su capacidad de transmitir 
confianza y seguridad. Se adapta esta definición y se ajusta 
al contexto bancario:  

La variable seguridad se define como la percepción que 
tiene el cliente acerca de la privacidad de su información y 
transacciones en la prestación del servicio, incluyendo el 
conocimiento, cortesía y confianza que transmite el 
trabajador hacia el cliente. 

 
3.2.5. Variable empatía  

 
En [28] uno de los atributos de la buena calidad en el 

servicio es la disposición para corregir errores. Por su parte 
en [30] se plantea la dimensión acceso a los servicios de 
cajero refiriéndose al adecuado número de empleados que 
atienden a clientes en todo horario y durante las horas pico. 
En el modelo de [31] proponen la dimensión “Soft” que 
representa la interacción interpersonal. 

En [32] proponen los factores de acceso, confort y 
flexibilidad. En la propuesta de [36] se plantea el factor del 
elemento Humano en la prestación del servicio y en el 
modelo de [37] se plantea la dimensión calidad de 
comportamiento del servicio referente a la prestación del 
servicio por parte de los empleados, que incluye empleados 
educados, con cortesía, amigables y actitudes positivas. 

Por su parte en el modelo de [39] se plantea la empatía 
como la atención individualizada a los clientes y la 
disposición del personal para ayudar a los clientes y resolver 
sus problemas oportunamente. En el estudio de [40] se 
contemplan las variables entender las necesidades de los 
clientes y escucharlos. La variable empatía está propuesta en 
el modelo SERVQUAL de [42] definida como el cuidado, la 
atención individualizada que la compañía ofrece al cliente. 
Se adapta esta definición y se ajusta al contexto bancario:  

La variable empatía se define como la capacidad que 
tiene el banco de personalizar los servicios al ajustarse a las 
necesidades de los clientes. 

3.2.6.  Variable tecnología y conectividad  
 
En el estudio [36] los autores proponen el factor 

sistematización de la prestación del servicio como elemento 
importante de la calidad del servicio bancario. Por su parte, 
[38] contemplan los factores servicio de cajeros automáticos, 
servicio de banco por Internet y servicio de banco por 
teléfono. Adicionalmente, en [13] la dimensión técnica 
incluye la disposición de soluciones técnicas, sistemas 
computarizados y calidad de las máquinas como elementos 
de la calidad del servicio. Teniendo en cuenta lo propuesto 
por otros autores, se adapta esta definición y se ajusta al 
contexto bancario:  

La variable tecnología y conectividad se define como la 
disponibilidad de medios tecnológicos para facilitar la 
conectividad del cliente con el banco en cuanto a atención 
del mismo y realización de transacciones. 

 
3.2.7. Variable cobertura 

 
En el modelo propuesto por [35] se contempla la 

dimensión portafolio de servicios. Los autores sostienen que 
este es un elemento adicional que el modelo SERVQUAL, 
ampliamente utilizado, no contempla. En [43] uno de los 
factores propuestos es el ofrecimiento de diferentes tipos de 
préstamos ajustados a las necesidades del cliente. 
Adicionalmente, [41] contempla la oferta de una amplia 
gama de productos y servicios bancarios acorde con las 
últimas innovaciones. Por su parte, en [29] una de las 
dimensiones propuestas fue la oferta de una amplia gama de 
servicios. Teniendo en cuenta lo propuesto por otros autores, 
se adapta esta definición y se ajusta al contexto bancario:  

La variable cobertura se define como la percepción del 
cliente sobre la amplitud de los servicios estableciendo si es 
lo suficientemente diversificado según sus necesidades. 

 
3.2.8. Variable accesibilidad 

 
En el estudio [33] se identificó el factor accesibilidad, así 

como también en [35]. En la propuesta de [37] y en [38] se 
contempla la ubicación de las sucursales bancarias y de los 
cajeros automáticos en lugares seguros y convenientes como 
elemento relevante de la calidad. Teniendo en cuenta lo 
propuesto por otros autores, se adapta esta definición y se 
ajusta al contexto bancario:  

La variable accesibilidad se define como la percepción 
del cliente sobre el grado de facilidad para acceder a los 
servicios proporcionados por el banco. 

 
4.  Conclusiones 

 
En el presente estudio se desarrolló una metodología de 

identificación, análisis y clasificación de las variables 
utilizadas para la medición de la calidad del servicio bancario 
en los últimos años. Se obtiene un listado de variables con las 
definiciones propuestas por otros autores y se plantea la 
propia adaptándola al contexto bancario. Este análisis se 
convierte en un referente valioso para investigaciones y 
aplicaciones asociadas al estudio de la calidad del servicio 
bancario, su medición e impacto en las organizaciones. 

Se determinaron las variables relevantes en la medición 



Berdugo-Correa et al / DYNA 83 (197), pp. 212-221. June, 2016. 

220 

de la calidad del servicio bancario, destacándose las cinco 
dimensiones propuestas en el modelo SERVQUAL 
(metodología que contempla los elementos: tangible, 
garantía, capacidad de respuesta, seguridad y empatía). 
Adicionalmente se proponen las variables de tecnología y 
conectividad, cobertura y accesibilidad. 

 
Bibliografía 

 
[1] Niebles, R.P.P.-B., Trespalacios, Ó.H.O., Hernández, S.P C. y 

Solano, E.G., Metodología para la implementación del diseño 
económico y/o estadístico de cartas de control x-barra con parámetros 
variables (VP). DYNA, 81(184), pp. 150-157, 2014. 

[2] Pulido-Rojano, A.D.J., Methodological design for the prevention of 
risk in production processes. DYNA, 82(193), pp. 16-22, 2015. 

[3] Rios-Griego, J.H., Design of a single sampling attributes in search of 
a social optimum. DYNA, 78(169), pp. 53-61, 2011. 

[4] Deming, W.E., Out of the Crisis. MIT press, 2000. ISBN 
0262541157. 

[5] Robinson, S., Measuring service quality: current thinking and future 
requirements. Marketing Intelligence & Planning, 17(1), pp. 21-32, 
1999. DOI: 10.1108/02634509910253777 

[6] Parasuraman, A., Berry, L.L. and Zeithaml, V.A., Servqual: A 
multiple-item scale for measuring consumer perceptions of service 
quality. Journal of Retailing, 64(1), pp. 12-37, 1988. 

[7] Teas, R.K., Expectations, performance evaluation, and consumers' 
perceptions of quality. The journal of Marketing, pp. 18-34, 1993.  

[8] Cronin Jr, J.J. and Taylor, S.A., Measuring service quality: A 
reexamination and extension. The Journal of Marketing, pp. 55-68, 
1992.  ISSN 0022-2429. 

[9] Prakash, A. and Mohanty, R.P., Understanding service quality. 
Production Planning & Control, n. ahead-of-print, pp. 1-16, 2012. 
DOI: 10.1080/09537287.2011.643929 

[10] Zeithaml, V.A. and Bitner, M.J., Service marketing: Integrating 
customer focus across the firm.  Boston: McGraw Hill, 2000. ISBN 
0077131711. 

[11] Galvan, J.L., Writing literature reviews: A guide for students of the 
social and behavioral sciences, Pyrczak, 2006. ISBN 1884585663  

[12] Brogowicz, A.A., Delene, L.M. and Lyth, D.M., A synthesised 
service quality model with managerial implications. International 
Journal of Service Industry Management, 1(1), pp. 27-45, 1990. DOI: 
10.1108/09564239010001640 

[13] Grönroos, C., A service quality model and its marketing implications. 
European Journal of Marketing, 18(4), pp. 36-44, 1984. DOI: 
10.1108/EUM0000000004784 

[14] Grönroos, C., Service quality: The six criteria of good perceived 
service quality. Review of Business, 9(3), 1988. 

[15] Lehtinen, U. and Lehtinen, J.R., Two approaches to service quality 
dimensions. Service Industries Journal, 11(3), pp. 287-303, 1991. 
DOI: 10.1080/02642069100000047 

[16] Parasuraman, A., Zeithaml, V.A. and Berry, L.L., A conceptual model 
of service quality and its implications for future research. The Journal 
of Marketing, pp. 41-50, 1985. DOI: 10.2307/1251430 

[17] Bitner, M. J. Evaluating service encounters: the effects of physical 
surroundings and employee responses. The Journal of Marketing, p. 
69-82, 1990. ISSN 0022-2429. DOI: 10.2307/1251871 

[18] Nguyen, N., Un modèle explicatif de l'évaluation de la qualité d'un 
service: une étude empirique. Recherche et Applications en 
Marketing, 6(2), pp. 83-98, 1991. ISSN 0767-370. 

[19] Bolton, R.N. and Drew, J.H., A multistage model of customers' 
assessments of service quality and value. Journal of Consumer 
Research, pp. 375-384, 1991. ISSN 0093-5301. 

[20] Chakrapani, C., Service quality measurement and the myth of service, 
[Online]. 1991, 5 P. Available at: 
www.chuckchakrapani.com/articles/PDF/91040542Chakrapani.pdf 

[21] Rust, R.T. and Oliver, R.L., Service quality: New directions in theory 
and practice. Sage Publications, 1994. ISBN 0803949197.  

[22] Philip, G. and Hazlett, S.-A., The measurement of service quality: A 
new PCP attributes model. International Journal of Quality & 
Reliability Management, 14(3),p p. 260-286, 1997. DOI: 
10.1108/02656719710165482 

[23] Koelemeijer, K., Roest, H. and Verhallen, T.M,. An integrative 
framework of perceived service quality and its relations to 
satisfaction/dissatisfaction, attitude and repurchase intention: A 
multilevel approach. Marketing for the new Europe: Dealing with 
complexity. The 22nd Annual Conference of the European Marketing 
Agency, Barcelona, Spain, May 25-28, 1993,  pp. 683-699. 

[24] Brady, M.K. and Cronin Jr, J.J., Some new thoughts on 
conceptualizing perceived service quality: a hierarchical approach. 
The Journal of Marketing, pp. 34-49, 2001. DOI: 
10.1509/jmkg.65.3.34.18334 

[25] Dabholkar, P.A., Thorpe, D.I. and Rentz, J.O., A measure of service 
quality for retail stores: scale development and validation. Journal of 
the Academy of Marketing Science, 24(1), pp. 3-16, 1996. ISSN 
0092-0703. 

[26] Buttle, F., SERVQUAL: Review, critique, research agenda. European 
Journal of marketing, 30(1), pp. 8-32, 1996. DOI: 
10.1108/03090569610105762 

[27] Sangeetha, J. and Mahalingam, S., Service quality models in banking: 
A review. International Journal of Islamic and Middle Eastern 
Finance and Management, 4(1), pp. 83-103, 2011. DOI: 
10.1108/17538391111122221 

[28] Mersha, T. and Adlakha, V., Attributes of service quality: The 
consumers' perspective. International Journal of Service Industry 
Management, 3(3), pp. 34-45, 1992. DOI: 
10.1108/09564239210015157  

[29] Ennew, C.T., Reed, G.V. and Binks, M.R., Importance-performance 
analysis and the measurement of service quality. European Journal of 
Marketing, 27(2), pp. 59-70, 1993. DOI: 
10.1108/03090569310026402 

[30] Avkiran, N.K., Developing an instrument to measure customer 
service quality in branch banking. International Journal of Bank 
Marketing, 12(6), pp. 10-18, 1994.  DOI: 
10.1108/02652329410063223 

[31] Blanchard, R. and Galloway, R., Quality in retail banking. 
International Journal of Service Industry Management, 5(4), pp. 5-23, 
1994. DOI: 10.1108/09564239410068670 

[32] Johnston, R., Identifying the critical determinants of service quality 
in retail banking: Importance and effect. International Journal of Bank 
Marketing, 15(4), pp. 111-116, 1997. DOI: 
10.1108/02652329710189366 

[33] Joseph, M., Mcclure, C. and Joseph, B., Service quality in the banking 
sector: the impact of technology on service delivery. International 
Journal of Bank Marketing, 17(4), pp. 182-193, 1999. DOI: 
10.1108/02652329910278879 

[34] Hemmasi, M., Strong, K.C. and Taylor, S.A., Measuring service 
quality for strategic planning and analysis in service firms. Journal of 
Applied Business Research, 10(4), pp. 24-33, 1994. 

[35] Bahia, K. and Nantel, J., A reliable and valid measurement scale for 
the perceived service quality of banks. International Journal of Bank 
Marketing, 18(2), p. 84-91, 2000. DOI: 10.1108/02652320010322994 

[36] Sureshchandar, G., Rajendran, C. and Kamalanabhan, T., Customer 
perceptions of service quality: a critique. Total Quality Management, 
12(1), pp. 111-124, 2001. DOI: 10.1080/09544120020010138 

[37] Aldlaigan, A.H. and Buttle, F.A., SYSTRA-SQ: A new measure of 
bank service quality. International Journal of Service Industry 
Management, 13(4), pp. 362-381, 2002. DOI: 
10.1108/09564230210445041 

[38] Al-Hawari, M., Hartley, N. and Ward, T., Measuring banks’ 
automated service quality: A confirmatory factor analysis approach. 
Marketing Bulletin, 16(1), pp. 1-19, 2005. 

[39] Karatepe, O.M., Yavas, U. and Babakus, E., Measuring service 
quality of banks: Scale development and validation. Journal of 
Retailing and Consumer Services, 12(5), pp. 373-383, 2005. DOI: 
10.1016/j.jretconser.2005.01.001 

[40] Ehigie, B.O., Correlates of customer loyalty to their bank: a case study 
in Nigeria. International Journal of Bank Marketing, 24(7), pp. 494-
508, 2006. DOI: 10.1108/02652320610712102 

[41] Lewis, B.R., Service quality: An international comparison of bank 
customers’ expectations and perceptions. Journal of Marketing 
Management, 7(1), pp. 47-62, 1991. DOI: 
10.1080/0267257X.1991.9964139 



Berdugo-Correa et al / DYNA 83 (197), pp. 212-221. June, 2016. 

221 

[42] Parasuraman, A., Berry, L.L. and Zeithaml, V.A., Understanding 
customer expectations of service. Sloan Management Review, 32(3), 
pp. 42, 1991. 

[43] Paswan, A.K. et al., Search quality in the financial services industry: 
A contingency perspective. Journal of Services Marketing, 18(5), pp. 
324-338, 2004. DOI: 10.1108/08876040410548267 

 
 

C.R. Berdugo-Correa, es Ing., MSc y Dra en Ingeniería Industrial de la 
Universidad del Norte, Barranquilla, Colombia, Sp. en Ingeniería de 
Procesos Industriales. Ha desarrollado estudios de consultoría e 
investigación en la optimización de procesos que impacte en la 
productividad y competitividad de las organizaciones. Docente de las áreas 
de métodos cuantitativos, gestión operacional y de organizaciones. Participó 
en varios proyectos de acreditación. Profesora de la Universidad del Norte. 
Trabajó en la industria en áreas de mejoramiento de procesos, costos, 
eficiencia y manejo de almacenes.  
ORCID:0000-0002-4803-2816 
 
R. Barbosa-Correa, es Ing. Químico, especializado en Gerencia de la 
Calidad y en Normalización de procesos. Universidad de los Andes MSc. en 
Informática y Análisis de Datos y Dr. en Ingeniería. ENSP- Francia, es 
profesor titular, profesor investigador del Departamento de Ingeniería 
Industrial de la Universidad del Norte, Barranquilla, Colombia, miembro del 
grupo de investigación de Productividad y Competitividad de dicha 
institución.  
ORCID: 0000-0001-7726-1012 
 
L.M. Prada-Angarita, es Ing. y MSc. en Ingeniería Industrial, Universidad 
del Norte, Barranquilla, Colombia. Experta internacional en teoría de 
restricciones del Goldratt Schools. IDEAL Scholar 2014. Experiencia de 7 
años en procesos académicos y administrativos y 4 años como profesora 
universitaria. Participó en varios proyectos de acreditación nacional e 
internacional bajo el estándar de ABET. Experiencia en calidad percibida de 
los servicios, diseño del proceso de desarrollo de productos basado en 
ingeniería concurrente y de estrategias de cooperación en logística de la 
cadena de suministro del Caribe Colombiano. Se desempeña como docente 
de la Universidad del Norte.  
ORCID: 0000-0003-1670-5171 

 

 
 

 

Área Curricular de Ingeniería Administrativa e 
Ingeniería Industrial 

Oferta de Posgrados 

Especialización en Gestión Empresarial 
Especialización en Ingeniería Financiera 

Maestría en Ingeniería Administrativa 
Maestría en Ingeniería Industrial 

Doctorado en Ingeniería - Industria y Organizaciones 
 

Mayor información: 
 

E-mail: acia_med@unal.edu.co 
Teléfono: (57-4) 425 52 02 

 



 

 

 

© The author; licensee Universidad Nacional de Colombia.  
DYNA 83 (197), pp. 222-231. June, 2016 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v83n197.55342 

Coordinated recharge of electric vehicles in real time1 
 

Cristian C. Mendoza a, Adriana M. Quintero b, Francisco Santamaria c & Alexander Alarcon d 
 

a Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, ccmendozag@correo.udistrital.edu.co 
b Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, amquinterom@correo.udistrital.edu.co 

c Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, fsantamariap@udistrital.edu.co 
d Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, jaalarconv@udistrital.edu.co 

 
Received: January 24th, de 2016. Received in revised form: February 23th, 2016. Accepted: March 4th, 2016 

 
Abstract 
The electric vehicle is a transportation technology that requires a management system for the electric networks of the future in order to 
avoid overloads and adverse effects on voltage level and power quality. This article presents a management algorithm to adjust the operation 
and recharge conditions of electric vehicles in real time, optimizing the use of network capacity and improving the voltage profile through 
the coordination of recharges depending on loss sensitivity; an approach to identify nodes where power losses can decrease or increase 
under a specific load condition. The results obtained by applying the strategy are presented through a random consumption model of 
vehicles based on existing mobility patterns using a distribution circuit of 628 nodes. This allows the identification of electric vehicle 
penetration after which it becomes necessary to implement the proposed management scheme. 
 
Keywords: Electric vehicle, management algorithm, recharge coordination, selection of maximum sensitivities, sensitivity ranges, voltage 
level, power losses, maximum capacity. 

 
 

Coordinación de la recarga de vehículos eléctricos en tiempo real 
 

Resumen 
El vehículo eléctrico es una tecnología de transporte que requiere un sistema de gestión para las redes eléctricas del futuro para evitar 
sobrecargas y efectos negativos en el nivel de voltaje y la calidad de potencia. Por lo tanto, este articulo presenta un algoritmo de gestión 
para ajustar las condiciones de operación y recarga de los vehículos eléctricos en tiempo real, optimizando el uso de la capacidad de la red 
y mejorando el perfil de voltaje a través de la coordinación de las recargas dependiendo de la sensibilidad de perdidas, un enfoque que 
identifica los nodos donde las pérdidas de potencia pueden disminuir o aumentar bajo condiciones de carga especifica. Los resultados 
obtenidos aplicando la estrategia, son presentados a través de un modelo de consumo aleatorio de los vehículos basado en los patrones de 
movilidad existentes, usando un circuito de distribución de 628 nodos. Esto permite la identificación del nivel de penetración después del 
cual se hace necesario implementar el esquema de gestión propuesto.  
 
Palabras clave: Vehículo Eléctrico; Algoritmo de gestión; recarga coordinada; selección de sensibilidades máximas; rango de 
sensibilidades; nivel de voltaje; pérdidas de potencia; capacidad máxima. 

 
 
 

1.  Introduction 
 
The current electric sector combines the concepts of 

energy efficiency, demand response, and load management. 
All of them aim to change energy consumption patterns 
through changes in facilities, infrastructure, devices, customs 
or prices [1]. For this reason, countries with projects 
incorporating new generation resources [2,3] or 
implementing technologies such as electric vehicles, adopt 
                                                      
How to cite: Mendoza, C.C., Quintero, A.M., Santamaria, F., and Alarcon, A., Coordinated recharge of electric vehicles in real time. DYNA 83(197), pp. 223-232, 2016 

strategies to manage demand, since this represents economic 
benefits for the end user and the energy supplier [4,5], 
significantly reducing energy demand at peak hours, and thus 
preserving the stability of the electric system and service 
continuity [6]. 

Some research studies have shown that to perform the 
simultaneous recharge of electric vehicles (EV) without any 
control, depending on EV penetration, can cause power 
losses, voltage drops, harmonics and transformer overloads, 
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among others, which increment the system operation and 
maintenance costs [7-10]. Therefore, in order to achieve the 
massive introduction of electric vehicles without threatening 
the system, it is important to consider a strategy that will 
coordinate the recharges to mitigate or prevent the described 
impacts. 

According to the above, this paper proposes a 
management algorithm for recharging electric vehicles in real 
time, based on the operation conditions of the distribution 
system, the priority of connection and the selection of nodes 
contributing to the increment of power losses. This will 
enable optimization in the use of the network capacity, a 
factor that can have an impact on network reliability, 
security, and performance. In Section 2, a background of the 
impact of electric vehicles on distribution networks is 
presented. A methodology for managing the electric vehicle 
recharge in real time is described in Section 3. In Section 4 a 
management algorithm for the simultaneous recharge of 
electric vehicles is presented, and Section 5 outlines the 
implementation of the proposed management algorithm in a 
case study. Conclusions are drawn in section 6. 

 
2.  Background of the impact of electric vehicles on 
distribution networks 

 
The massive introduction of electric vehicles in a 

distribution network forces those responsible for its operation 
and maintenance to verify the impact these can cause. 
However, these loads can have many effects on the network 
and they depend largely on factors such as EV penetration, 
the implemented recharge strategy, the battery size, the 
number of users, the load profiles, the distribution 
transformer capacity, the size of the primary feeder, among 
others [11-13]. 

An effect of the simultaneous connection of nonlinear 
loads such as battery chargers of electric vehicles is the 
injection of harmonics to the network [14-17]. In particular, 
distribution transformers are designed to withstand linear 
loads with a specific frequency; therefore, current harmonics 
will contribute to increased losses of up to 40% and a rise in 
equipment temperature [7,18]. Therefore, the life cycle of the 
device decreases exponentially and the investment costs 
could increase by up to 15% [19]. Recent research states that 
power losses are directly proportional to EV penetration 
[8,20,21]. 

Another point of interest is the voltage profile, where a 
decisive factor is load location, given that although the 
number of vehicles increases, if the distance between the load 
and the substation feeding the circuit is short, the voltage 
drops will be up to 10% lower in comparison to the 
corresponding ones for distant loads. However, since 
distribution systems typically have a voltage imbalance 
caused by the load variation in each of the phases, the phase 
to which a certain number of vehicles is connected will 
experience a large voltage drop while others will experience 
a rise in voltage [20,22-25]. 

In addition, some studies show that in a scenario where 
the penetration rate is between 20% and 30%, the maximum 
transformer capacity could be exceeded by up to 36% [22,26-
29], without considering the constantly changing technology 
for batteries and chargers. In these works, the authors 

calculate the energy required by each electric vehicle 
connected to the distribution system using a probabilistic 
model, which allows the impact analysis of massive EV 
recharge. In the case study presented in [10], it was found that 
the voltage profile could drop by up to 8% below the 
established limit, the power losses may increase by 3-5 times 
compared to a scenario without electric vehicles, and the 
maximum capacity of the transformer feeding the circuit 
would be exceeded by about 13.16%. 

Several management strategies have been evaluated in 
this research, such as the use of objective functions for 
minimizing power losses through centralized communication 
systems [30] or demand response strategies, where the user 
schedules the recharge according to his preferences. This, 
taking into account that management is based on a stochastic 
method considering the driving patterns and the time of 
arrival to the house [31]. 

[32-33] consider the recharge of a fleet of electric 
vehicles based on the amount of required energy, the selling 
price, the contracted power and the time they must be ready 
to operate. In [34], the authors seek to recharge the vehicles 
maximizing the satisfaction of owners and minimizing the 
network operation costs, without violating the restrictions of 
that network. Meanwhile, in [35], the management system 
considers generation from renewable sources in order to 
maximize the net income of charging stations, by scheduling 
the energy required for the recharge on the previous day and 
controlling this process in real time. Therefore, the proposed 
management schemes usually seek to optimize the use of the 
existing electric networks, fulfill the load requirements of 
users and maintain the provided quality service, avoiding an 
alteration in voltage levels, load curve of the system, and 
power losses [36-38]. 

 
3.  Methodology for managing the electric vehicle 
recharge in real time 

 
This research proposes a methodology to coordinate the 

recharge of electric vehicles based on the minimization of 
power losses and considering voltage restrictions and 
distribution system capacity, thereby mitigating the impact 
they could generate on network reliability and security. 

The developed methodology has been divided into four 
phases, which are described in this section and are 
summarized in Fig. 1. These phases include the construction 
of the consumption model for electric vehicles, the impact 
assessment, the proposed management scheme and the 
results analysis. 

 
3.1. Step 1: Characterization of electric vehicle 

consumption 
 
This phase seeks statistical correlation between the 

variables that determine the electric vehicle consumption 
(number of connections, battery capacity and traveled 
distances) and mobility behavior in the city, in a scenario of 
introducing electric vehicles proportionally to the number of 
users of the distribution system. In this way, it is expected 
that loading conditions and power demand required by the 
network vary randomly according to a probability 
distribution of the energy required by the battery. 
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3.2. Step 2: Identification of the massive recharge impact 
 
From the model of electric vehicle consumption in the 

previous phase, the technical information of the distribution 
system, and the residential demand of the circuit, it is 
possible to calculate the load flow for each hour and to 
determine the power in all branches, the voltage levels and 
the losses in the distribution system. Once the operation 
limits are defined, it is possible to assess the impact on the 
recharge condition of electric vehicles "without control", for 
which it is possible to develop a computer application where 
several case studies can be programmed and the statistical 
analysis of these variables, can be performed [10]. 

 
3.3. Step 3: Characterization of electric vehicle consumption 

 
With the identification of the network problems 

associated with massive electric vehicle recharge, the third 
phase of the methodology seeks to maintain the operation 
conditions of the distribution circuit based on the 
minimization of technical losses in the system. The aim is to 
increase the network efficiency while reducing operation and 
maintenance costs. Under this approach, the concept of 
demand response is involved as a control strategy when 

facing unpredictable loading conditions generated by the 
consumption model developed in the first phase. 

The main tool of the proposed management scheme is the 
loss sensitivity approach [39,40], through which it is possible 
to identify the nodes with sensitivity indices representing the 
largest contribution to system losses according to the power 
consumed by the electric vehicle connected there. Later, 
these nodes are selected to shift the battery recharge to 
another time, when the loading conditions of the system are 
not exceeded or during off-peak demand on the load curve, 
so that both the voltage profile and the capacity of the 
transformer feeding the distribution circuit do not exceed the 
permitted limits. 

For this purpose, it is convenient again to develop and 
implement the proposed management algorithm within the 
software tool, in order to observe the behavior of the analyzed 
variables in three scenarios: the first, without electric 
vehicles; the second, with electric vehicles without 
management; and the third, performing the management by 
implementing the proposed scheme. It is convenient to use 
the proposed application, since the process must be repeated 
many times, depending on the number of nodes in the system 
and the number of vehicles connected to this. 

 
 

Step 2

Step 1

Step 3

Step 4

Consumption characterization of 
electric vehicles

Identification of the impact of massive recharging

Formulation of the Management Scheme to 
Coordinate Electric Vehicle Charging

Analysis of results for different Case Studies

Probability function of 
the consumed energy

Number of connections 
generated every hour

Probability function of 
the capacities of batteries

Generate a random sample of the energy consumed 
and the battery capacity for each EV

Load profile for each 
electric vehicle

Random assignment of consumption to the nodes in the 
distribution system

Run Load flow

Data collection and results in 
the application developed

Extracting sensitivity losses for nodes with 
charging EV

Selection of maximum sensitivities and 
consumption shift

Results of management

100 simulations with management and 
without management algorithm

Construction of behavior Ranges

Load profile

Loss profile

Voltage profile

Probability functions of 
the power consumed

 
Figure 1. Conceptual map of the methodology used to manage the recharge of electric vehicles.  
Source: The Authors 
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3.4.  Step 4: Results analysis for different case studies 
 
After implementing the management scheme proposed in 

the previous phase, several case studies are constructed by 
varying the percentage of EV penetration in the distribution 
system. N simulations are performed using the Monte Carlo 
method [41]. Using these simulations, voltage profiles, load 
curves and power loss curves are evaluated to find the range 
of values defining the behavior of the system under study. 
This allows us to determine the level of penetration from 
which the power demand exceeds the capacity of the circuit, 
and the variations in the voltage profile are below the 
accepted limit. 

Given the objective of this article, the management 
algorithm proposed to coordinate the electric vehicle 
recharge in real time is explained in Section 4. 

 
4.  Management algorithm for the simultaneous 
recharge of electric vehicles 

 
Taking into account that the load conditions can change 

from hour to hour during a day, the proposed management 
algorithm coordinates recharges through the selection of 
maximum sensitivity of the active power to find nodes where 
the load shedding leads to decreased losses, according to the 
restrictions of the objective function as presented below. 

 
4.1.  Objective function 

 
In order to mitigate the impact of recharging electric 

vehicles, an objective function is defined that fulfills the 
operation conditions of the electric grid in a system of 
equations for minimizing power losses according to the 
voltage restrictions and maximum capacity of the distribution 
circuit feeder, as shown in eq. (1)-(3). 
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(3) 

 
where: 
௟ܲ௢௦௦௘௦,௛: total active power losses in the system at a 

specific time of day. 
ܲ௟௢௦௦௘௦ሺ௞,௞ାଵሻ,௛: active power losses in a branch comprised 

between ݇ and ݇ ൅ 1, at a specific time. 
௟ܵ௢௔ௗ,௛: apparent power of the load in each node for a 

specific time. 
 ௠௔௫: peak demand level, defined by the capacityܦ

assigned to the circuit from the substation transformer. 
| ௞ܸ|: voltage magnitude in node ݇ in p.u. 
݊: total number of system nodes. 

This objective function only has a solution in the 
operation points fulfilling the two constraints (voltage and 
peak demand); i.e., in periods when one of the conditions is 
not fulfilled the recharge of electric vehicles must be 
managed. 

 
4.2.  Proposed management algorithm 

 
One of the concepts used by the proposed management 

algorithm is selective load shedding, since under a condition 
of consumed power in the system, the charge of a set of 
electric vehicles is postponed, in order to fulfill the 
constraints of the objective function described above. 

On the other hand, the management scheme must have a 
criterion for deciding which system loads must be postponed, 
so that the problem lies in finding a method to select the loads 
with the greatest contribution to power losses according to 
system constraints. To do this, we used the loss sensitivity 
approach and the maximum sensitivities selection technique. 

 
4.2.1.  Loss sensitivity approach 

 
The loss sensitivity approach allows us to quantify 

through indices the contribution each system node provides 
to the increment of losses, according to the present load 
condition [42]. 

The sensitivity calculation is derived from the Jacobian 
matrix of the Newton-Raphson method for solving power 
flows by expressing the voltage magnitude and angle (state 
variables) in terms of system incremental losses [43]. 

Finally, the loss sensitivity; i.e., the variation of the power 
losses in a branch of the system with respect to the variation 
in the power injected into a node is calculated with eq. (4), 
where ሾ்ܬሿିଵ, represents the transpose and inverse matrix of 
the Jacobian obtained from the load flow in its latest iteration 
[43]. 

 
4.2.2.  Maximum sensitivities selection 

 
From the calculation of loss sensitivity, it is possible to 

find different indices for categorizing the system nodes. In 
some research works, the selection of the most representative 
sensitivities corresponds to finding places in the system 
where power losses can decrease or increase, according to the 
injection of active or reactive power in the nodes [40,42]. 

Considering that residential distribution systems typically 
have radial topologies and the increment of losses is 
proportional to the distance between their branches, 
variations in active power are positive. Since these loading 
conditions vary by the hour, in this study, a tool is managed, 
through the selection of maximum sensitivities of active 
power, to find nodes where load shedding leads to loss 
reduction, according to the constraints of the objective 
function. The proposed management algorithm uses the 
selection of maximum sensitivities to postpone the recharge 
of a specific set of electric vehicles (EV). The process is 
summarized in the steps shown in Fig. 2, where: 

݄ ൌ ݄௦௧௔௥௧: ݄௘௡ௗ: Time interval of the load curve analysis. 
௕ܻ௨௦: Admittance matrix of distribution system under 

study. 
 The sensitivity indices decrease in nodes where electric 
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vehicle recharge shifts to the next hour. Under this 
premise, the selection criteria can set sensitivity ranges, 
which decrease as the electric vehicles recharge is 
postponed, implying us to: Select the nodes with the 
highest sensitivity indices within an established range 
and shift the electric vehicle recharge to the next hour. 

 When shifting the power that a set of electric vehicles 
would consume during recharge, the loading conditions 
in the distribution system will change, which means: For 
a specific loading condition in the system, specific 
sensitivity indices are established. 

 Since the calculation of sensitivities comes from the 
Jacobian matrix, when the loading conditions change, it 
is necessary to run the power flow again, then: The load 
flow is run each time load shedding occurs in the system. 

 Finally, this process is repeated until the constraints of the 
objective function are fulfilled, so that the sensitivity 
ranges established at each iteration of the process 
decrease as the selective load shedding is carried out. 
Similarly, it is important to note that these steps must be 
repeated for each hour of the load curve when any voltage 
or circuit capacity restriction is not fulfilled, meaning the 
management algorithm must act whenever the loading 
conditions change until achieving the coordinated 
recharge. 
 

ۏ
ێ
ێ
ۍ
ݏ݁ݏݏ݋݈߲ܲ
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ݏ݁ݏݏ݋݈߲ܲ

߲ܸ

൪            (4) 

 
5.  Implementation of the proposed management 
algorithm 

 
To evaluate the effect of recharging electric vehicles and 

the implementation of the proposed management algorithm, 
a MATLAB application, including a graphical interface was 
developed. Using this software application, several case 
studies are simulated. 

The system selected to implement the proposed 
management algorithm corresponds to a typical residential 
distribution circuit of the city of Bogota with 628 nodes, of 
which 500 are residential users. It also has 17 distribution 
transformers and it is characterized by having medium and 
low voltage underground cables [44]. 

The limits used as reference to demonstrate the impact of 
the connection of electric vehicles and to evaluate the 
performance of the management algorithm are defined 
below: 
 In accordance with the standard NTC 1340 [45] and the 

standard ANSI C84.1 [46], in normal operating 
conditions, the voltage for levels 1, 2 and 3 must be 
between +5% and -10% of the nominal voltage. 

 The substation has three 30 MVA - 115/11.4 kV 
transformers. Each transformer supplies power to eight 
circuits with a maximum capacity of 3.8 MVA. 
In order to predict the behavior of the voltage level and 

the capacity of the electric network, different simulations are 
performed to assess the effects on these variables depending 
on EV penetration. Based on these results, it is possible to  

 
Figure 2. Flowchart of the methodology used by the management algorithm. 
Source The Authors 

 
 

predict for a scenario with 38% EV penetration that the 
voltage levels will be below the established limit, even if the 
maximum capacity of the circuit is below 3.8 MVA. 
However, both voltage and capacity are out of limits with 
72% EV penetration. 

Therefore, in the following sections, the parameters of 
voltage, maximum capacity, and losses under three EV 
penetration scenarios will be assessed: 38%, 72% and 100%, 
also analyzing their behavior when implementing the 
management algorithm proposed in Section 3. 

 
5.1.  Case Study 1: 38% EV penetration 

 
For this case study, 100 simulations corresponding to a day 

and a 38% EV penetration were performed. Fig. 3 shows the 
behavior of the voltage level at each node in the distribution 
system, whereby in (a) we can observe that the lower limit is 
exceeded reaching values of 0.875 p.u.; however, when 
applying the proposed management algorithm (b) shows that 
the voltage drops caused by the recharge are avoided. 

Start 

Include vehicles 
to queue table 

Analysis interval setting 

Generation of consumption  
for each EV 

Generation of number of EV 

Assignment of EV in load nodes 
Run load flow and extract: 

• ௕ܻ௨௦ Matrix 
• | ௞ܸ|∠ߠ௞ 
• Jacobian matrix

Compute: 

൤
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൤
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Calculation of sensitivity loss: 
൤
߲ ௟ܲ௢௦௦௘௦ ߲ ௡ܲ⁄
߲ ௟ܲ௢௦௦௘௦ ߲ܳ௡⁄ ൨ 

 
While: 

Selecting nodes with higher sensitivity within the range 
Adjust selection range of sensitivities 

Postpone recharge of EVs on the selected nodes for 
the next hour 

Selecting nodes with higher sensitivity within the range 
Adjust selection range of sensitivities 

Postpone recharge of EVs on the selected nodes for 
the next hour 

While: 
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(a) 

 
(b) 

Figure 3. Behavior of the voltage level with 38% EV penetration level: (a) 
without any management and (b) with the proposed management algorithm. 
Source: the Authors 

 
 
When analyzing the maximum capacity assigned to the 

circuit, it is clear that this variable is not affected with the 
number of vehicles without any management, and when the 
management is implemented, a maximum value of 3.3 MVA 
is reached. As the capacity of the transformer supplying 
power to the circuit was not exceeded, the power losses are 
not modified even after implementing the management. 

 
5.2.  Case Study 2: 72% of electric vehicles penetration 

 
As in the previous case, 100 simulations corresponding to a day 

were carried out. The demand was managed with a penetration 
level of 72%. The obtained data presented in Fig. 4 indicate the 
voltage level reaches values close to 0.855 p.u. without any control 
on vehicle recharge (a). However, the management scheme 
ensures that the minimum limit of 0.9 p.u. is fulfilled regardless of 
the number of users connected to the system. 

On the other hand, Fig. 5 shows that a 72% of electric 
vehicles’ penetration into the electric grid makes the maximum 
capacity reach values close to 4.2 MVA, representing an overload 
of up to 400 kVA for the transformer supplying power to the load 
(a). However, the management scheme avoids this situation, 
which could endanger system stability and security, postponing 
the needed recharges taking into account the priority of 
connection and keeping below the capacity value assigned to the 
circuit (b). 

 
(a) 

 
(b) 

Figure 4. Behavior of the voltage level with 72% EV penetration level: (a) 
without any management and (b) with the proposed management algorithm. 
Source: The Authors. 

 
 
Evaluating the behavior of power losses, when executing 

the management algorithm a loss reduction of 25.72% is 
achieved, while maintaining the voltage level and system 
capacity, which confirms that the algorithm works. 

 
5.3.  Case Study 3: 100% of electric vehicles penetration 

 
Assuming the most critical case, i.e., 100% of electric 

vehicle penetration, this scenario is simulated 100 times, 
allowing the voltage level to reach values of close to 0.82 p.u. 
when the recharges are not managed, meaning they are 8% 
below the limit established in the regulations. Otherwise, 
with the operation of the management algorithm the recharge 
is carried out without exceeding 0.9 p.u. 

By comparing the behavior of the system load curves, 
Fig. 6 shows that 100% EV penetration represents a load 
close to 4.7 MVA (a), i.e., 500 kVA more than with 72% 
penetration and 1400 kVA more than in case study 1. By 
applying the methodology proposed in the paper to manage 
the recharges, load curves flatten when the maximum power 
demand occurs ensuring the permitted limit and proper 
system operation (b). 

If technical losses are evaluated against case study 2, Fig. 
7 shows an increase of 50 kW when there is no control of the 
charging time, reaching a value of close to 220 kW (a). In  
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(a) 

 
(b) 

Figure 5. Behavior of load curves with 72% EV penetration level: (a) without 
any management and (b) with the proposed management algorithm.  
Source: The Authors. 

 
 

 
(a) 

 
(b) 

Figure 6. Behavior of load curves in the presence of 100% EV penetration 
level: (a) without any management and (b) with the proposed management 
algorithm.  
Source: The Authors. 

addition, when compared to the scenario without electric 
vehicles connected to the network, it is possible to state that 
with 100% of electric vehicle penetration, the increase in 
losses would be equivalent to 3 or 5 times. After managing 
the battery recharge of electric vehicles connected to the 
system, a reduction of 40.37% is achieved in the power losses 
(b), which would mean lower operation costs for the network 
and the optimization of the objective function under which 
the algorithm was proposed. 

 

 
(a) 

 
(b) 

Figure 7. Behavior of the power loss curves with 100% EV penetration level: 
(a) without any management and (b) with the proposed management 
algorithm.  
Source: The Authors. 

 
 
In order to analyze the effect of the proposed management 

algorithm on the variables under study, Table 1 summarizes 
the results obtained in the case studies presented above.  

 
Table 1. 
Results from the Case Studies 

EV 
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38 0.87 0.9 3.3 3.3 10.2 10.2 0 
72 0.85 0.9 4.2 3.8 175 130 25.72 

100 0.82 0.9 4.7 3.8 220 131.2 40.37 
Source: The Authors 
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Table 2. 
Comparison table of computing costs and management algorithm features 

Algorithm features Description 

Average time management 
16.93 s for 628 nodes including time to 
generate consumption* 

Penetration level 
Programmable for any level of penetration 
with the consumer model. 

Distribution system topology 
Radial topology for real distribution circuit 
of 628 nodes with different line lengths 
[9]. 

Characteristic of battery 
charge 

Implementation of a variable load curve 
over time, which depends on the rate of 
battery recharge, its capacity and energy 
required to perform a displacement. 

Behavior of the sensitivity 
losses 

In contrast to [35], it is proposed to choose 
the nodes with the highest level of 
sensitivity within a set range to consider the 
load variability of line-lengths in the 
distribution system. 

*Intel Core i5 3.4 GHz 16 GB RAM MATLAB R2013b 
Source: The Authors 

 
 
Finally, in Table 2 a comparison of computational costs 

and features of the proposed management scheme is 
presented 

 
6.  Conclusions 

 
From the obtained results, it is possible to state that when 

applying the proposed management algorithm, both voltage 
and capacity were within the allowed limits due to the shift 
in the recharge of vehicles connected to the nodes with 
greater loss sensitivity indices. Likewise, the reduction on 
power losses in the branches are close to 26% in a scenario 
with 72% EV penetration, but these losses decrease 
approximately twice with 100% EV penetration, which 
would represent a reduction in investment, operation, and 
maintenance costs of networks and equipment for energy 
distribution companies. 

Although the negative impacts on the network can occur 
at any time and under certain penetration levels, the 
methodology proposed in this study can be applied to manage 
any scenario. 

The loss sensitivity approach used in the proposed 
management algorithm allows the coordination of the 
recharges in a random consumption scenario through 
minimizing losses, while voltage levels in all nodes 
significantly improve and peak demand control is carried out, 
increasing the efficiency and avoiding the need to expand the 
distribution system infrastructure. 

The voltage level is critical in the branches which: a) are 
at a greater distance from the distribution network 
transformer, b) are the load nodes farthest from the connected 
distribution transformer, c) are branches with longer sections.  

The impact of massive charging of electric vehicle on 
power losses is a function of the number of EV connections, 
the capacity and charging characteristic of the batteries, the 
parameters of conductors, the sections length and the system 
topology, as well as the behavior of residential demand. 

 

References 
 

[1] Godlman, C., Reid, M., Levy R. and Silverstein, A., Coordination of 
energy efficiency and demand response: A resource of the national 
action plan for energy efficiency, USA, 2010. 

[2] Ministerio de Industria, Turismo y Comercio, Estrategia integral para 
el impulso del vehículo eléctrico en España, España, 2010. 

[3] Carvajal, S., Arango, A., Arango, S. and Younes, C., A study of 
incentives to increase the use of DG in Colombia based on a System 
Dynamics modeling, Ingeniería e Investigación, 31(2), pp. 58-65, 
2011. 

[4] Huang, S. and Infield, D., Demand side management for domestic 
plug-in electric vehicles in power distribution system operation, The 
21st International Conference on Electricity Distribution (CIRED), 
Frankfurt, Paper 0701,2011.  

[5] Finn, P., Fitzpatrick, C. and Connolly, D., Demand side management 
of electric car charging: Benefits for consumer and grid, Energy, 
42(1), pp. 358-363, 2012. DOI: 10.1016/j.energy.2012.03.042 

[6] Vandael, S., Claessens, B., Hommelberg, M., Holvoet, T. and 
Deconinck, G., A scalable three-step approach for demand side 
management of plug-in hybrid vehicles, IEEE Transactions on Smart 
Grid, 4(2), pp. 720-728, 2013. DOI: 10.1109/TSG.2012.2213847 

[7] Pieltain, L., Gómez, T., Cossent, R., Domingo, C. and Frías, P., 
Assessment of the impact of plug-in electric vehicles on distribution 
networks, IEEE Transactions on Power Systems, 26(1), pp. 2066-213, 
2011. DOI: 10.1109/TPWRS.2010.2049133 

[8] Kazerooni, M., New load demand for electric vehicles and its 
harmonic impacts on power system distribution transformers, Msc. 
Thesis, Department of Electrical Engineering, University of Windsor, 
Ontario, Canada, 2012.  

[9] Grahn, P., Electric vehicle charging impact on load profile, BSc. 
Thesis, Department of Electrical Engineering, Royal Institute of 
Technology, Stockholm, Sweden, 2013.  

[10] Mendoza, C., Quintero, A., Santamaria, F. and Alarcon, J., Impact 
analysis of plug-in electric vehicles on an electric distribution 
network, Transmission & Distribution Conference and Exposition - 
Latin America, Medellín, 2014. DOI: 10.1109/TDC-
LA.2014.6955258 

[11] Gerkensmeyer, C., Kintner-Meyer, M. and DeSteese, J., Technical 
challenges of plug-in hybrid electric vehicles and impacts to the US 
power system: Distribution system analysis, United States 
Department of Energy, USA, 2010. 

[12] De Nigris, M., Gianinoni, S., Grillo, S., Massucco, S.and Silvestro, 
F., Impact evaluation of plug-in electric vehicles (PEV) on Electric 
Distribution networks, 14th International Conference on Harmonics 
and Quality of Power (ICHQP), Bergamo, Italy, 2010. DOI: 
10.1109/ICHQP.2010.5625433 

[13] Yao, W., Guo, Q., Hongbin, S. and Zhengshuo, L., An investigation 
into the impacts of the crucial factors on EVs charging load, de IEEE 
PES ISGT Asia, Asia, 2012. DOI: 10.1109/ISGT-Asia.2012.6303111 

[14] Gómez, J.C. and Morcos, M.M., Impact of EV battery chargers on the 
power quality of distributed systems, IEEE Transactions Power 
Delivery, 18(3), pp. 975-981, 2003. DOI: 
10.1109/TPWRD.2003.813873 

[15] Basu, M., Gaughan, K. and Coyle, E., Harmonic distortion caused by 
EV battery chargers in the distribution systems network and its 
remedy, 39th Universities Power Engineering Conference (UPEC), 2, 
pp. 869-873, Bristol UK, 2004.  

[16] Jiang, C., Torquato, R., Salles, D. and Xu, W., Method to assess the 
power quality impact of plug-in electric vehicles, 2014 IEEE 16th 
International Conference on Harmonics and Quality of Power 
(ICHQP), pp. 170-180, Bucharest, Romania, 2014. DOI: 
10.1109/ICHQP.2014.6842835 

[17] Niitsoo, J., Taklaja, P., Palu, I. and Kiitam, I., Modelling EVs in 
residential distribution grid with other nonlinear loads, 2015 IEEE 
15th International Conference on Environment and Electrical 
Engineering (EEEIC), pp. 1543-1548, Rome, 2015. DOI: 
10.1109/EEEIC.2015.7165401 

[18] Rosso, Á., Evaluación del impacto de los vehículos eléctricos en las 
redes de distribución, BSc. Tesis, Departamento de Ingeniería 
Industrial, Universidad Pontificia Comillas, Madrid, España, 2010.  

[19] Grahn, P., Rosenlind, J., Hilber, P., Alvehag ,K. and Soder, L., A 
method for evaluating the impact of electric vehicle charging on 



Mendoza et al / DYNA 83 (197), pp. 222-231. June, 2016. 

230 

transformer hotspot temperature, 2nd IEEE PES International 
Conference and Exhibition on Innovative Smart Grid Technologies 
(ISGT Europe), Manchester, United Kingdom, 2011. DOI: 
10.1109/ISGTEurope.2011.6162755 

[20] Sharma, I., Canizares, C. and Bhattacharya, K., Smart charging of 
PEVs penetrating into residential distribution systems, IEEE 
Transactions on Smart Grid, 5(3), pp. 1196-1209, 2014. DOI: 
10.1109/TSG.2014.2303173 

[21] Leou, R.C., Su, C.-L. and Lu, C.-N., Stochastic analyses of electric 
vehicle charging impacts on distribution network, IEEE Transactions 
on Power Systems, 29(3), pp. 1055-1063, 2014. DOI: 
10.1109/TPWRS.2013.2291556  

[22] Tie, C.H., Gan, C.K. and Ibrahim, K., The impact of electric vehicle 
charging on a residential low voltage distribution network in 
Malaysia, 2014 IEEE Innovative Smart Grid Technologies - Asia 
(ISGT Asia), pp. 272-277, Kuala Lumpur, 2014. DOI: 10.1109/ISGT-
Asia.2014.6873802  

[23] Neagoe-Stefana, A., Eremia, M., Toma, L. and Neagoe, A., Impact of 
charging electric vehicles in residential network on the voltage profile 
using Matlab, 2015 9th International Symposium on Advanced 
Topics in Electrical Engineering (ATEE), pp. 787-791, Bucharest, 
Romania , 2015. DOI: 10.1109/ATEE.2015.7133909 

[24] Geth, F., Leemput, N., Van Roy, J. and Buscher, J., Voltage droop 
charging of electric vehicles in a residential distribution feeder, 3rd 
IEEE PES International Conference and Exhibition on Innovative 
Smart Grid Technologies (ISGT Europe), Berlin, Germany, 2012. 
DOI: 10.1109/ISGTEurope.2012.6465692 

[25] Rodríguez-Garcia, L.F, Pérez-Londoño, S.M. and Mora-Flórez, J.J, 
Load area aggregation considering integration of electric vehicles to 
the system, Revista Ingeniería e Investigación, 35(Supl.1), pp. 42-49, 
2015. DOI: 10.15446/ing.investig.v35n1Sup.53652 

[26] International Energy Agency, 2014 Anual Report, IEA, París, 2014. 
[27] Salah, F., Ilg, J.P., Flath, C.M., Bassec, H. and van Dinther, C., Impact 

of electric vehicles on high-voltage grids: A Swiss case study, 
Switzerland, 2013. DOI: 10.2139/ssrn.2209841 

[28] Stoeckl, G., Witzmann, R. and Eckstein, J., Analyzing the capacity of 
low voltage grids for electric vehicles, IEEE Electrical Power and 
Energy Conference (EPEC), pp. 415-420, Winnipeg, MB, Canada , 
2011. DOI: 10.1109/EPEC.2011.6070236 

[29] Shafiee, S., Fotuhi-Firuzabad, M. and Rastegar, M., Investigating the 
impacts of plug-in hybrid electric vehicles on power distribution 
systems, IEEE Transactions on Smart Grid, 4(3), pp. 1351-1360, 
2013. DOI: 10.1109/TSG.2013.2251483 

[30] Huachun, H., Haiping, X., Zengquan, Y. and Yingjie, Z., Interactive 
charging strategy of electric vehicles connected in smart grids, IEEE 
7th International Power Electronics and Motion Control Conference 
(IPEMC), 3, pp. 2099-2103, Harbin, China, 2012. DOI: 
10.1109/IPEMC.2012.6259168  

[31] Shao, S., Pipattanasomporn, M. and Rahman, S., Grid integration of 
electric vehicles and demand response with customer choice, IEEE 
Transactions on Smart Grid, 3(1), pp. 543-550, 2012. DOI: 
10.1109/TSG.2011.2164949 

[32] Wu, D., Aliprantis, D. and Ying, L., Load scheduling and dispatch for 
aggregators of plug-in electric vehicles, IEEE Transactions on Smart 
Grid, 3(1), pp. 368-376, 2012. DOI: 10.1109/TSG.2011.2163174 

[33] Xi, X. and Sioshansi, R., Using price-based signals to control plug-in 
electric vehicle fleet charging, IEEE Transactions on Smart Grid, 
5(3), pp. 1451-1464, 2014. DOI: 10.1109/TSG.2014.2301931 

[34] Shaaban, M., Ismail, M., El-Saadany, E. and Zhuang, W., Real-Time 
PEV Charging/Discharging coordination in smart distribution 
systems, IEEE Transactions on Smart Grid, 5(4), pp. 179 -1807, 2014. 
DOI: 10.1109/TSG.2014.2311457 

[35] Guo, Y., Xu, S. and Su, W., Smart management system of plug-in 
electric vehicle charging service, 2015 IEEE Transportation 
Electrification Conference and Expo (ITEC), Detroit, USA, 2015. 
DOI: 10.1109/ITEC.2015.7165815 

[36] Deilami, S., Masoum, A., Moses, P. and Masoum, M., Real-Time 
coordination of Plug-In electric vehicle charging in smart grids to 
minimize power losses and improve voltage profile, IEEE on Smart 
Grids, 2(3), pp. 456-467, 2011. DOI: 10.1109/TSG.2011.2159816 

[37] Peng, H., Jinkuan, W. and Yinghua, H., Dynamic-priority-based real-
time charging management for plug-in electric vehicles in smart grid, 

2012 31st Chinese Control Conference (CCC), pp. 2432-2436, China, 
2012. 

[38] Singh, M., Thirugnanam, K., Kumar, P. and Kar, I., Real-Time 
coordination of electric vehicles to support the grid at the distribution 
substation level, IEEE Systems Journal, 9(3), pp. 1000-1010, 2015. 
DOI: 10.1109/JSYST.2013.2280821 

[39] Yao, K.C. and Yao, W.T., New network sensitivity-based approach 
for real-time complex power flow calculation, IET Generation, 
Transmission & Distribution, 6(2), pp. 109-120, 2011. DOI: 
10.1049/iet-gtd.2011.0429 

[40] Bhattacharyya, B. and Goswami, S.K., Sensitivity based evolutionary 
algorithms for reactive power dispatch, Third International 
Conference on Power Systems, Kharagpur, 2009. DOI: 
10.1109/ICPWS.2009.5442664 

[41] Bingliang, Z., Yutian, S., Li, B. and Li, L.J.. A modeling method for 
the power demand of electric vehicles based on Monte Carlo 
simulation, Power and Energy Engineering Conference (APPEEC), 
Shanghai, 2012. DOI: 10.1109/APPEEC.2012.6307215 

[42] Khatod, D.K., Pant, V. and Sharma, J., A novel approach for 
sensitivity calculations in the radial distribution system, IEEE 
transactions on Power Delivery, 21(4), pp. 2048-2057, 2006. DOI: 
10.1109/TPWRD.2006.874651 

[43] Peng, Y., Shun, H., Zou, J. and Wang, D., Improved method based on 
second order loss sensitivity for voltage collapse, International 
Conference on Electrical Engineering (ICEE), 2005.  

[44] CODENSA, Generalidades de la Norma LA, Bogotá, [En línea] 2009. 
Disponible en: http://likinormas.micodensa.com/ 

[45] ICONTEC, NTC 1340: Tensiones y frecuencia nominales en sistemas 
de energía eléctrica en redes de servicio público, Segunda Ed., 
Instituto Colombiano de Normas Técnicas y Certificación 
(ICONTEC), Bogotá D.C., 2004.  

[46] American National Standards Institute, Inc., ANSI C84.1 - 2011: For 
Electric Power Systems and Equipment - Voltage Ratings (60 Hz), 
National Electrical Manufacturers Association, United States of 
America, 2011.  

 
 

C.C. Mendoza-Grosso, completed his BSc. Eng in Electrical Engineering 
at Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, in 
2013. Since 2012, he has been member of the Electromagnetic Compatibility 
and Interference Research Group at the Universidad Distrital Francisco José 
de Caldas (GCEM). He works in the electric sector as an electrical engineer 
in the high voltage area. 
ORCID: 0000-0002-8017-5374 
 
A.M .Quintero-Montenegro, completed her BSc. Eng Electrical Engineer 
at Universidad Distrital Francisco José de Caldas, Bogotá, Colombia, in 
2013 and her degree in Telecommunications Technology at SENA – 
Servicio Nacional de Aprendizaje, Bogotá, in 2005. Since 2012, she has been 
a member of the Electromagnetic Compatibility and Interference Research 
Group at the Universidad Distrital Francisco José de Caldas (GCEM). She 
has experience in the area of telecommunications in oil companies, and 
control and protections in high voltage Substations. She works in the electric 
sector as an electrical engineer in the extra high voltage and high voltage 
substations design. 
ORCID: 0000-0002-9794-4870 
 
F. Santamaria, completed his BSc, MSc and PhD degrees in Electrical 
Engineering at Universidad Nacional de Colombia in 2002, 2007 and 2013, 
respectively. From 2004 to 2010 he was a full time research engineer with 
the Electromagnetic Compatibility Research Group at the Universidad 
Nacional de Colombia (EMC-UNC) where he carried out research on the 
lightning phenomena, electromagnetic compatibility, gas discharges and 
pulsed power systems. In 2010, he joined the staff of the Department of 
Electrical Engineering at Universidad Distrital Francisco Jose de Caldas, 
where he currently works as an associate professor and member of the 
Electromagnetic Compatibility and Interference Research Group (GCEM). 
His research interests include experimental studies in gas discharges, 
lightning protection, electromagnetic interference, electric vehicles and 
distributed generation. 
ORCID: 0000-0002-0391-4508 
 



Mendoza et al / DYNA 83 (197), pp. 222-231. June, 2016. 

231 

J.A. Alarcón-Villamil, completed his BSc. and MSc. degrees in Electrical 
Engineering at the Universidad Nacional de Colombia, Bogotá, in 2002 and 
2013, respectively. From 2004 to 2008, he was a research engineer with the 
Electromagnetic Compatibility Research Group, at Universidad Nacional de 
Colombia (EMC-UNC), where he investigated the corona effect, 
electromagnetic compatibility, dielectric materials, and surge protection 
devices. In 2010, he joined the Department of Electrical Engineering, 
Universidad Distrital Francisco José de Caldas, where he is currently an 
Assistant Professor and Member of the Electromagnetic Compatibility and 
Interference Research Group (GCEM). His research interests include high-
voltage engineering, electric vehicles and smart grids, renewable energies, 
and electromagnetic compatibility. 
ORCID: 0000-0002-8718-2542 

 

 
 

 

Área Curricular de Ingeniería 
Eléctrica e Ingeniería de Control 

Oferta de Posgrados 

Maestría en Ingeniería - Ingeniería Eléctrica 
 

Mayor información: 
 

E-mail: ingelcontro_med@unal.edu.co 
Teléfono: (57-4) 425 52 64 

 



 

 

 

© The author; licensee Universidad Nacional de Colombia.  
DYNA 83 (197), pp. 232-242. June, 2016 Medellín. ISSN 0012-7353 Printed, ISSN 2346-2183 Online 

DOI: http://dx.doi.org/10.15446/dyna.v83n197.52243 

Caracterización fisicoquímica de cuatro especies de agaves con 
potencialidad en la obtención de pulpa de celulosa para elaboración 

de papel  
 
Edith Jiménez-Muñóz a, Francisco Prieto-García a*, Judith Prieto-Méndez b, Otilio A. Acevedo-Sandoval b 

& Rodrigo Rodríguez-Laguna b 

 
a Instituto de Ciencias Básicas e Ingeniería. Universidad Autónoma del Estado de Hidalgo, Pachuca, México.*Autor de correspondencia. 

prietog@uaeh.edu.mx, bioedith13@gmail.com  
bInstituto de Ciencias Agropecuarias. Universidad Autónoma del Estado de Hidalgo, Pachuca, México. Jud_292003@yahoo.com.mx, 

acevedo@uaeh.edu.mx, rodris71@yahoo.com 
 

Received: July 31th, 2015. Received in revised form: April 22 th, 2016   Accepted: April 27th, 2016 
 

Resumen 
El objetivo general de este trabajo fue encontrar un nuevo valor agregado a las hojas de las agaváceas, desecho de la agroindustria. Se 
estudiaron cuatro especies de agaves de tres estados de la república mexicana: Agave angustifolia (Oacaxa), Agave tequilana (Jalisco), 
Agave salmiana y Agave lechuguilla (Hidalgo). Luego de una clasificación taxonómica, fenológica, ecológica y etnobotánica (basados en 
morfología comparada), se sometieron a diversos análisis físicos (humedad, molienda, tamizaje, granulometría y características foliares, 
MEB) y químicos (cenizas grasas y aceites, proteínas, análisis TGA y DTGA, así como FTIR). Las especies de A. angustifolia y A. tequilana 
son las que presentan un óptimo tamaño de fibra para la elaboración de papel. Corresponde también a los mayores porcentajes de celulosa 
(44.3% y 36.8%) por DTGA. Del análisis proximal, se evidencia que las dos especies definidas como mejores para la obtención de pulpa 
de celulosa, presentan pequeñas diferencias significativas en contenidos de grasas, proteínas, material solubilizable en agua caliente (AT) 
como en solución moderadamente alcalina y/o alcohólica. 
 
Palabras clave: Agave ssp., análisis proximal, DTGA, FTIR, celulosa. 

 
 

Physicochemical characterization of four species of agaves with 
potential in obtaining pulp for paper making 1 

 
Abstract 
The overall objective of this work was to find a new value to the leaves of agaváceas, waste of agribusiness. Four species of agaves were 
studied in three states of the Mexican Republic: Agave angustifolia (Oacaxa), Agave tequilana (Jalisco), Agave salmiana and Agave 
lechuguilla (Hidalgo). After a classification taxonomy, phenology, ecological and ethnobotanical (morphology), various physical analysis 
(moisture, grinding, screening, grading and leaf characteristics, SEM) and chemical (fat and oils, ash, proteins, TGA and DTGA and FTIR 
were subjected). The species of A. angustifolia and A. tequilana are those with an optimum size of fiber for papermaking. It also corresponds 
to the highest percentages of cellulose (44.3% and 36.8%) by DTGA. The proximate analysis, it appears that the two species defined as 
obtaining better for pulp, significant differences have small content of fat, protein, water solubilizable hot material (AT) and moderately 
alkaline and/or alcoholic solution. 
 
Keywords: Agave ssp., proximate analysis, DTGA, FTIR, celulose.   
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1.  Introducción 
 
La celulosa, principal componente de las paredes 

celulares de las plantas, es un polisacárido formado por 
moléculas de cadenas lineales de (1,4)-D-glucopiranosa, 
que tienden a formar microfobrillas con diámetros de 1 a 10 
nm y longitudes de 25 nm. Es el polímero más abundante de 
la naturaleza y utilizado como materia prima en industrias de 
papel y textil 1.  

Es conocida la producción y obtención de celulosa, a 
partir de fuentes maderables, y existe una tendencia actual a 
la búsqueda de nuevas fuentes de obtención de celulosa.  El 
agave es una especie no maderable que puede ser utilizada 
para extracción de celulosa. Existen diversas investigaciones 
sobre elaboración de fibras a base de residuos de agaves 2 
en las cuales obtuvieron pulpa de bagazo de A. tequilana 
mediante técnicas mecánicas, químicas y biológicas. 
Recientemente se reporta 3 la elaboración papel a partir de 
fibras crudas de seis especies de Agave; tres de hoja angosta 
(A. lechuguilla, A. angustifolia y A. tequilana) y tres de hoja 
ancha (A. americana, A. salmiana y A. mapisaga), utilizando 
diferentes métodos para la extracción de fibras. El autor 
señala que A. salmiana y A. mapisaga  fueron las especies 
que presentaron mejores características. El objetivo general 
de este estudio, fue encontrar un nuevo valor agregado a las 
hojas residuos de especies de agaves de la agroindustria 
tequilera, mezcalera y/o pulquera, y su potencialidad para 
obtener pulpa de celulosa como opción para la elaboración de 
papel de fibras cortas. 

 
2.  Metodología 

 
2.1.  Zona de estudio y toma de muestras 

 
Las especies muestreadas aparecen en la Tabla 1. A. 

tequilana Weber, Var. Azul, sólo es cultivable en los estados 
mexicanos de Jalisco, Guanajuato, Michoacán, Nayarit y 
Tamaulipas, a pesar de que se adapta a un amplio rango 
altitudinal 4; A. tequilana se desarrolla óptimamente de 700 
a 1900 msnm 5.2.2. Realización de ensayos 

Las muestras fueron sometidas a determinación de 
humedad, posteriormente se molieron y tamizaron. 

Se evaluaron sus dimensiones y características foliares, se 
determinó distribución y tamaños de partículas de las fibras 
obtenidas, mediante un analizador por difracción de rayos 
Laser en equipo LS13-320 de la firma Beckman Coulter . 
La muestra fue suspendida en agua destilada y, en agitación 
continua, se midieron los diferentes tamaños y distribución. 
Las muestras secas fueron analizadas por Microscopía 
Electrónica de Barrido (MEB) para precisar  morfologías de 
las fibras. Se realizaron análisis termogravimétrico (TGA) y 

derivativo (DTGA) y de espectroscopía infrarroja (FTIR). El 
análisis morfológico se realizó en un MEB de la firma JEOL, 
modelo JSM-820. Los análisis térmicos se llevaron a cabo 
en analizador METTLER-TOLEDO, modelo 
TGA/SDTGA-851, crisoles de aluminio y un barrido de 25°C 
a 600°C a velocidad de 10°C/min. FTIR se realizó acorde a 
6 en muestras secas; analizadas en pastillas con KBr en 
equipo Perkin Elmer, entre 400-4000 cm-1 y 4 cm-1 de 
resolución. 

La concentración de azúcares totales se determinó por el 
método Fenol-Sulfúrico 5. Los extractos fueron obtenidos 
a partir de 2 g de fracción de hojas de agaves, secadas y 
trituradas en un vaso de precipitados (maceradas), se les 
añadió agua destilada relación 1:6 (o en su caso, solución de 
NaOH 1 % y/o solución de etanol-agua 1:1 con calentamiento 
y agitación a 70ºC por 30 minutos. Al término de 30 minutos, 
se centrifugó a 5000 rpm y el líquido claro se reservó como 
extracto de fracciones solubles. Se determinaron grasas y 
aceites, proteínas y lignina 5, 6. 

 
3.  Resultados y discusión 

 
3.1.  Caracterización física 
 

Se observa en la Tabla 2 los resultados de caracterización 
de muestras de hojas de A. tequilana Weber, Var. Azul. Por 
sus dimensiones (98,58 cm de largo, 8,33 cm de ancho y 2,08 
cm de espesor) se asemejan a lo reportado por algunos 
autores 7; se puede analizar que en sus espesores resultaron 
ligeramente más gruesas y por tanto con mayores volúmenes 
y densidades volumétricas, lo cual da una idea de que las 
mismas se encuentran algo pasadas en madurez para el 
jimado (proceso de corte de las hojas para quedar sólo la piña 
central), también puede ser debido a que la recolección de las 
piñas  se realizó en época de lluvia. 

De igual forma la altura de las plantas se considera similar 
a lo reportado 7 aunque ligeramente menores en diámetro 
de la roseta. Los contenidos de humedad en las hojas 
resultaron un poco más elevadas (83,43%) con relación a lo 
que reportan 8, debido a haberse recolectado en época 
lluviosa. Se puede considerar un poco intenso el color verde 
de las hojas, al ser comparados en una escala de 1-6 con un 
valor promedio de 4,31, y según establecen 9, este valor 
debe estar entre 3-4 como indicativo de una suficiente 
madurez de la planta, que ha de corresponder a una edad entre 
8-10 años (edad óptima para la jima (proceso de corte de las 
hojas para quedar sólo la piña central) y producción de 
tequila). Si los colores son menores de 3 la escala, presupone 
no madurez suficiente. En cuanto a la altura de la espina 
apical, se corresponde con lo reportado por otros autores 
9,10 pero un poco más pequeña que lo que indica 8. 

 
 

Tabla 1.  
Localización geográfica de los puntos de toma de muestras de agavaceas 

Variedad Localidad; Estado Coordenadas Altitud (msnm) 
Agave angustifolia Haw. Zimatlán,  Oaxaca 16º45'05.4" N y 96º49'47.8" O 1654 
Agave lechuguilla Torr. San AgustínTlaxiaca, Hidalgo 20°05′26.5” N y 98°52′19.5” O 2853 

Agave salmiana B. Otto ex Salm-Dick Epazoyucan, Hidalgo 20°00'02.5" N y 98°36'28.9" O 2220 
Agave tequilana  Weber, Var. Azul Tequila, Jalisco 21°12'30'' N y 103°36'00'' O 850 

Elaboración propia 
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Tabla 2.  
Caracterización física de Agave tequilana Weber, Var. Azul, tomada en el municipio de Tequila, Jalisco. 

Hoja   (n=10 hojas) Roseta  (n=6 plantas) 

Hoja 
largo 
(cm) 

ancho 
(cm) 

espesor 
(cm) masa (g) 

Volumen 
(cm3) 

densidad 
(g/cm3) 

Área folear 
(cm2) 

Altura Planta 
(mm) 

Diam. Planta 
(mm) 

media 98,58 8,33 2,08 641,64 1741,92 0,38 827,59 1417,43 1469,48 
desv. 
Est. 9,011 0,833 0,207 149,094 439,885 0,065 152,652 40,044 57,931 

%CV 9,14 10,00 9,95 23,24 25,25 17,20 18,45 2,83 3,94 
t cal 2,055 2,187 7,341 1,403 3,896 5,120 0,240 1,377 18,042 

Dif. Sig NO NO SI NO SI SI NO NO SI 
Ref 11 100,00 7,50 1,60 575,47 1200,00 0,48 816,00 1400,00 1800,00 

Hoja 
Humedad 

(%) 
<0,5 mm 

(%) 
0,5-1,0 mm 

(%) >1,0mm (%) 
Color 
(1-6) N° Espinas Alt. E. apical (cm) 

media 83,43 13,62 84,83 1,56 4,3 151,05 1,51 
desv. Est. 3,405 5,315 5,914 0,870 0,458 21,650 0,070 

%CV 4,08 39,03 6,97 55,86 10,66 14,33 4,64 
t cal 3,182 - 0,091 - 2,070 0,153 22,136 

Dif. Sig SI - NO - NO NO SI 
Ref 11 80,00 NR > 85% NR 4,00 150,00 2,00 

Nota  t tabulada: 2,26; cuando t cal < t tabulada no hay diferencias significativas, NR: No Reportado.  
Fuente: Elaboración propia 

 
 

 

Figura 1. Distribución y tamaños de partículas secas de la a) fracción minoritaria (<0,5 mm) y b) fracción 0,5-2,0 mm,  de hojas de Agave tequilana Weber, 
Var. Azul en el municipio de Tequila, estado de Jalisco, México.  
Fuente: Elaboración propia. 

 
 
Se analizó la composición por fracciones de tamaños de 

partículas; se obtuvo 98,5% < de 1 mm siendo la fracción 
mayoritaria entre 0,5-1,0 mm (84,3%) lo cual se corresponde 

con lo reportado por 12. La fracción < 0,5 mm varía entre 
8-10% y se obtuvo un valor promedio ligeramente superior 
(13,6%). En la Fig. 1a se observa el tamaño y distribución de  

 
Tabla 3.  
Caracterización física de Agave salmiana B. Otto ex Salm-Dick, tomada en el municipio de Epazoyucan, Hidalgo. 

  Hoja   (n=10 hojas)  Roseta  (n=6 plantas) 

Hoja 
largo 
(cm) 

ancho 
(cm) 

espesor 
(cm) 

masa  
(g) 

Volumen 
(cm3) 

densidad 
(g/cm3) 

Área folear 
(cm2) 

Altura Planta 
(mm) 

Diam. Planta 
(mm) 

media 159,00 21,23 6,54 9179,36 22821,48 0,43 3397,78 2236,17 2488,83 
desv. 
Est. 15,593 1,555 1,248 

2281,69
3 7474,732 0,125 567,370 161,310 336,553 

%CV 9,81 7,33 19,09 24,86 32,75 28,71 16,70 7,21 13,52 
t cal 1,825 6,659 5,165 1,912 2,632 0,903 1,545 4,630 2,714 

Dif. Sig NO SI SI NO SI NO NO SI SI 
Ref 10 150,00 24,50 4,50 7800,00 16600,00 0,47 3675 2000 2200 

Hoja Humedad (%)  <0,5 mm (%) 0,5-1,0 mm (%) >1,0mm (%) Color (1-6) N° Espinas Alt. E. apical (cm) 
media 92,31 25,16 70,18 4,66 3,75 111,40 5,85 

desv. Est. 1,886 3,119 4,723 2,520 0,403 8,888 0,709 
%CV 2,04 12,40 6,73 54,07 10,75 7,98 12,12 
t cal 12,255 - 9,923 - 1,961 4,056 0,669 

Dif. Sig SI - SI - NO SI NO 
Ref 10 85 NR > 85% NR 4 100 6 

Nota  t tabulada: 2,26; cuando t cal < t tabulada no hay diferencias significativas, NR: No Reportado.  
Fuente: Elaboración propia 

 

a) b)
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partículas de la fracción más fina (<0,5 mm). Como se puede 
apreciar el tamaño prevaleciente fue de 324,4 m y muestra 
una distribución casi homogénea. En la Fig. 1b se observa el 
tamaño y distribución de partículas de la fracción 0,5-2,0 
mm. El tamaño prevaleciente fue de 1443 m. 

La Tabla 3 refleja los resultados de caracterización física de 
la variedad A. Salmiana Otto ex Salm–Dyck. No existen 
diferencias significativas en cuanto al largo de sus hojas y 
corresponde con lo reportado algunos autores 5,10-12 que 
señalan valores de 150 cm. Sin embargo el valor promedio en 
el ancho de las hojas (21,23 cm) resultó ligeramente menor que 
lo reportado algunos de los autores de 24cm 10, 11. Una 
variación importante espesor de las hojas que en promedio fue 
de 6,5 cm, muy superior a lo reportado (4.5 cm) 12. La masa 
promedio se encontró que también fue superior (9179 g) a lo 
esperado, atribuido a la mayor cantidad de agua retenida, 
debido a la época de lluvias y correspondiendo con los mayores 
anchos y espesores de las hojas que resultaron 1,37 veces más 
voluminosas que lo que se reporta en las referencias consultadas 
(1600-1700 cm3). 

Se observó mayor esbeltez de la planta y mayor diámetro de 
la roseta en surco, aproximadamente unos 200 cm más altas y 
más anchas las rosetas. 

La humedad promedio (92,3%) en la variedad A. Salmiana 
presentó un 7% por encima de los valores que reportan [10], 
debido probablemente a la temporada de lluvias. 

Los tamaños y distribución de partículas de las fracciones 
minoritarias (<0,5 mm) y mayoritarias (0,5-1,0 mm), se 
muestran en las Fig. 2a y 2b respectivamente; para la fracción 
mayoritaria fue de un 70.8%. Se observa en la Fig. 2b 
distribución del 25,2% de tamaño de partículas <0,5 mm que se 
espera igualmente no afecte demasiado en el pulpeo). En la Fig. 
2b se aprecia una distribución casi homogénea con tamaño de 
partícula predominante entre 0.5 mm y 1.9 mm. 

En cuanto al color de las hojas, se consideraron con edad de 
madurez adecuada (valores entre 3-4, según escala de color de 
10) con valor promedio de 3.70. Presentaron un número 
mayor de espinas laterales (111 como promedio) que lo 
reportado ( 100) por 12, sin embargo la altura promedio de 
la espina apical (5,85 cm) si se corresponde con el valor que 
estos mismos autores refieren ( 6,0 cm). 

 
 

Figura 2. Distribución y tamaños de partículas secas de la a) fracción minoritaria (<0,5 mm) y b) fracción 0,5-2,0 mm, de hojas de Agave salmiana B. Otto 
ex Salm-Dick, tomada en el municipio de Epazoyucan, Hidalgo, México.  
Fuente: Elaboración propia 

 
 

Tabla 4.  
Caracterización física de Agave angustifolia Haw, tomada en el municipio de Zimatlán, Oaxaca.  

  Hoja   (n=10 hojas)  Roseta  (n=6 plantas) 

Hoja 
largo 
(cm) 

ancho 
(cm) 

espesor 
(cm) 

masa 
(g) 

Volumen 
(cm3) 

densidad 
(g/cm3) 

Área folear 
(cm2) 

Altura Planta 
(mm) 

Diam. Planta 
(cm) 

media 102,00 6,16 2,12 427,67 1349,22 0,313 636,45 1484,17 2225,35 
desv. 
Est. 9,754 0,650 0,087 116,497 282,172 0,030 126,335 130,539 193,818 

%CV 9,56 10,54 4,09 27,24 20,91 9,46 19,85 8,80 8,71 
t cal 7,456 1,650 4,260 2,235 1,112 10,127 2,101 2,806 3,677 

Dif. Sig SI NO SI NO NO SI NO SI SI 
Ref 13 125,00 6,50 2,00 510,00 1250,00 0,408 552,50 1600,00 2000 

Hoja Humedad (%) <0,5 mm (%) 0,5-1,0 mm (%) >1,0mm (%) Color (1-6) N° Espinas Alt. E. apical (cm) 
media 72,87 19,89 65,17 5,69 4,0 79,75 2,42 

desv. Est. 6,593 5,825 6,366 2,618 0,150 3,894 0,1166 
%CV 9,05 29,29 9,77 46,05 3,80 4,88 4,82 
t cal 1,375 - 4,883 - 1,054 0,203 2,169 

Dif. Sig NO NR SI NR NO NO NO 
Ref 13 70 - 75 - 4 80 2,5 

Nota  t tabulada: 2,26; cuando t cal < t tabulada no hay diferencias significativas, NR: No Reportado.  
Fuente: Elaboración propia 

 

  

a) b) 
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En la Tabla 4 se muestran los resultados de la 
caracterización física de la variedad A. angustifolia Haw. Se 
aprecia que existen diferencias significativas en cuanto largo y 
espesor de las hojas con relación a lo reportado por otros autores 
4,13; en este trabajo se obtuvo hojas de 102 cm de largo, más 
cortas que lo reportado (125 cm), sin embargo ligeramente 
mayor espesor (2,12 cm) con relación a lo que se reporta (2,0 
cm) por los anteriores autores. Por otro lado la densidad de estas 
hojas fue menor (0,313 g/cm3). En relación a las demás 
mediciones sólo se aprecian menores valores en cuanto a la 
altura y diámetro de la roseta de las plantas. 

La humedad se reporta ligeramente por encima de lo 
señalado 13, probablemente debido a la época de 
abundantes lluvias. Los tamaños y distribución de partículas 
de la fracción mayoritaria entre 0,5-1,0 mm fue de 65,17%, 
para la menor fracción (<0,5 mm) fue de aproximadamente 
de un 20%, la distribución y tamaños de estas últimas se 
observan en la Fig. 3a. Se aprecia una distribución que resulta 
casi homogénea pero con un tamaño de partículas 
predominante ligeramente mayor de 517,2 m, mientras que 
para el tamaño y distribución de partículas de la fracción 0,5 
mm y hasta 2,0 mm se muestra en la Fig. 3b. Como se puede 
observar el tamaño prevaleciente fue de 993,6 m.  

La Tabla 5 muestra resultados de la caracterización física 

de la variedad A. lechuguilla Torr. Se aprecia que existen 
varias diferencias significativas, salvo para el ancho y la 
masa de las hojas, en todos los restantes parámetros hay 
diferencias. Con relación a lo reportado 11, en este trabajo 
se obtienen hojas más cortas, menor espesor, menor volumen, 
mayor densidad y mayor área foliar. En relación a las 
mediciones de la altura y el diámetro de la roseta de las 
plantas no existen diferencias significativas. Los contenidos 
de humedad de igual manera resultaron más altos de lo 
esperado. 

Se aprecia en la Fig. 4a una distribución casi homogénea 
pero con un tamaño de partículas predominante ligeramente 
mayor de 567,7 m, similar a la variedad A. Angustifolia. En 
la Fig. 4b se observa el tamaño y distribución de partículas 
de la fracción 0,5-2,0 mm con tamaño prevaleciente de 1909 
m.  

En cuanto al color de las hojas, según 9 con valor 
promedio de 3,50, se consideran en edad madura y excelente 
para ser utilizadas. Estas hojas presentaron el menor número 
de espinas laterales (27 como promedio) que todas las demás 
variedades, esto debido a su menor tamaño relativo, la altura 
promedio de la espina apical (1,87 cm) si se corresponde con 
el reportado por 9 ( 2,0 cm). 

 

Figura 3. Distribución y tamaños de partículas secas de la a) fracción minoritaria (<0,5 mm) y b) fracción 0,5-2,0 mm de hojas de Agave angustifolia Haw., 
tomada en el municipio de Zimatlán, Oaxaca, México.  
Fuente: Elaboración propia 

 
 

Tabla 5.  
Caracterización física de Agave lechuguilla Torr., tomada en el municipio de San Agustín Tlaxiaca, Hidalgo. 

  Hoja   (n=10 hojas)  Roseta  (n=6 plantas) 

Hoja 
largo 
(cm) 

ancho 
(cm) 

espesor 
(cm) 

masa 
(g) 

Volumen 
(cm3) 

densidad 
(g/cm3) 

Área folear 
(cm2) 

Altura Planta 
(mm) 

Diam. Planta 
(mm) 

media 39,83 4,00 0,66 91,04 104,83 0,87 159,40 58,67 91,33 
desv. 
Est. 2,177 0,229 0,080 12,529 16,619 0,050 12,352 2,156 3,194 

%CV 5,46 5,71 12,23 13,76 15,85 5,67 7,75 3,68 3,50 
t cal 7,506 0,061 5,698 0,263 7,454 15,856 15,739 1,955 1,320 

Dif. Sig SI NO SI NO SI SI SI NO NO 
Ref 13 45,00 4,00 0,80 90,00 144 0,63 97,92 60,00 90,00 

Hoja Humedad (%) <0,5 mm (%) 0,5-1,0 mm (%)  >1.0mm (%) Color (1-6) N° Espinas Alt. E. apical (cm) 
media 76,08 41,80 46,92 11,29 3,5 27,33 1,87 

desv. Est. 1,230 6,527 8,266 7,299 0,0 2,540 0,227 
%CV 1,62 15,62 17,62 64,65 0,0 9,29 12,16 
t cal 15,638 - 10,744 - 0,0 - 1,858 

Dif. Sig SI - SI - NO - NO 
Ref 13 70,00 NR 75,00 NR 3,5 NR 2 

Nota  t tabulada: 2,26; cuando t cal < t tabulada no hay diferencias significativas, NR: No Reportado.  
Fuente: Elaboración propia 

 

a) b) 
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Figura 4. Distribución y tamaños de partículas secas de la a) fracción minoritaria (<0,5 mm) y b) fracción  mayoritaria (0,5-2,0 mm) de hojas de Agave 
lechuguilla Torr., tomada en el Municipio de San Agustín Tlaxiaca, Hidalgo, México. 
Fuente: Elaboración propia. 

 
 

3.2.  Microscopía electrónica de barrido (MEB) 
 
En la Fig. 5 a-d se observa la morfología de hojas previa 

a la trituración, formadas por fibrillas de celulosa 
aglomeradas mediante hemicelulosa y lignina que actúan 
como cementantes, que deben ser eliminados durante el 
proceso de obtención de fibras o pulpa de celulosa. En la Fig. 
6 a-d se aprecian las microfotografías de las fibras de hojas, 
posterior a la trituración en la fracción 0,5-2,0 mm. Se 
muestran conformaciones similares de estas fibras para las 
cuatro variedades. Los tamaños se corroboran con los 
evaluados en la etapa anterior. 

 
3.3.  Análisis térmicos 

 
Por los análisis térmicos (TGA y DTGA) de las especies 

de agaves, se pudo apreciar cinco momentos de cambios o 
transformaciones (Fig. 7 y Fig. 8). La biomasa 
lignocelulósica, es una mezcla compleja de polímeros de 
carbohidratos conocidos como celulosa, hemicelulosa, 
lignina y pequeñas cantidades de otras sustancias como 
extractables y cenizas, contenidos en la pared celular de las 
plantas. Según 14, la descomposición térmica de la madera, 
por análisis termogravimétrico, revela dos regímenes de 
descomposición, y que el pico en la zona de descomposición 
a la menor temperatura está asociado a la presencia de 
humedad, seguido por la pirolisis de la hemicelulosa, y el 
pico a alta temperatura a la descomposición de la celulosa. 

Raveendran (1996), desarrolló estudios de 
descomposición de residuos agrícolas, distinguiendo cinco 
intervalos de temperatura en los cuales plantea que tiene 
lugar la descomposición de los diferentes componentes de la 
biomasa 15,16. 

En todas las figuras se observa un primer cambio (1 p) 
que ocurre entre 475 °C y1203 °C para las cuatro especies. 
Este cambio se asocia a la pérdida por evaporación de 
humedad absorbida por las fibras, debido a su carácter 
hidrofílico 17. Estas pérdidas de humedad, representaron 
entre 2,59-3,54% en masa, con pequeñas diferencias 
significativas. Estos resultan dos veces más bajos que los que 
reporta 18 en fibras de henequén (6%) y menor que 4.2% a 
lo reportado por 19 para fibras de Leguminosa unguiculata. 

La humedad absorbida está correlacionada con la cantidad de 
lignina; atribuible a la presencia de los grupos carboxílicos 

 
Figura 5. Microfotografías que muestran las morfologías de las fibras de 
hojas de agaves secadas, previo a la molienda. a) A. angustifolia, b) A. 
salmiana, c) A. tequilana y d) A. lechuguilla  
Fuente: Autores 

 
 

 
Figura 6. Microfotografías que muestran las morfologías de las fibras 
obtenidas por proceso de molienda y tamizaje para las cuatro variedades de 
hojas de agaves en estudio a) A. angustifolia, b) A. salmiana, c) A. tequilana 
y d) A. lechuguilla 
Fuente: Autores 
 
 

 

a) b)
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y carbonilos que se introducen en la lignina mediante el 
sistema enzimático de la lacasa, que inhibe los grupos 
hidroxilos e incrementan el carácter hidrofílico 20. De ahí 
que en el proceso de pulpeo alcalino se mineralice la lignina 
haciéndola solubilizable.  

El segundo cambio (2 p), menos pronunciado que el 
anterior, se observó en el intervalo de temperatura de 
140,15,7 ºC a 177,12,1 ºC con una pérdida de masa del 
2,57-3,47%, que se atribuyó a la degradación de la 
hemicelulosa, la cual siendo semicristalina, presenta menos 
estabilidad térmica que la celulosa 16,21,22. 

Mientras que la celulosa es más cristalina, fuerte y 
resistente a la hidrólisis, la hemicelulosa tiene una estructura 
semicristalina al azar con poca fuerza, fácilmente hidrolizada 
por ácido diluido o base, así como por enzimas hemicelulasa 
innumerable.  

Los xilanos son cuantitativamente dominantes en la 
fracción hemicelulósica. El más abundante es el 
arabinoxilano caracterizado por la unión mediante un enlace 
O-glucosídico ß-(1→3) de moléculas de α-L-
arabinofuranosas a la cadena de xilano principal 23. Por su 
estructura química, al poseer unidades de pentosas, la 
distribución dentro de la estructura de la planta es en forma 
de microtúbulos entretejidos de modo superficial de una 
cadena a otra, sólo por enlaces por puente de hidrógeno. De 
lo anterior se pude deducir, que ante un proceso de 
despolimerización, como lo constituye el aumento de 
temperatura, se necesitará menor energía térmica para 
fragmentarlo 22. 

La celulosa forma cadenas largas entrelazadas unas con 
otras por enlaces de hidrógeno, de un modo más compacto 
que en la hemicelulosa. Esto se debe a los grupos -CH2OH 
alternados por arriba y por debajo del plano de la molécula, 
que permiten una organización espacial en forma de bloques 
a través de puentes de hidrógeno, provocando un proceso de 
despolimerización de las capas superiores hacia el interior del 
paquete, lo que explica la mayor estabilidad térmica con 
respecto a la hemicelulosa 22,23. 

El tercer y principal cambio observado (3 p) es el que 
representa la degradación de la celulosa presente en fibras 
vegetales de agaves, con una pérdida de masa entre 1.08-1.50 
mg, representando entre 34.23-44.25%. Esta pérdida ocurre en 
un rango de temperatura de 2508 ºC y 3603 ºC. Este intervalo 
es prácticamente igual al que reportan 19 para la degradación 
de la celulosa presente en el bagazo de caña o para la cascarilla 
de café (entre 200-400 ºC) con un porcentaje en masa similar 
de 44% 19. Para residuos de hojas de tabaco se observó por 
los mismos autores dos zonas de temperaturas, una entre 227-
320 ºC y otra entre 320-460 ºC. De la Fig. 8 se observa que para 
la celulosa pura el rango de temperatura fue de 302-368 °C lo 
cual corrobora lo anterior. 

El cuarto cambio (4 p) se observó entre temperaturas de 
4287 ºC y 5033 ºC y se atribuyó a la degradación de la 
lignina. Se apreció una pérdida de masa entre 2,11-2,86%. 
Estos resultados se corresponden con los que reporta 11, 
quienes encontraron 2.61% en A. salmiana. Según Otero, citado 
por 23, los contenidos de lignina en agaves cultivados en Cuba 
(A. fourcroydes, Lem), pueden oscilar entre 3,1-9,9%; en este 
caso los valores resultaron más bajos. Por su parte 24 ha 
reportado en cascarilla y paja del cultivo de cebada contenidos 
de lignina mucho más altos (10,6-19,7%). 

El quinto cambio observado (5 p) entre 52420 ºC y 
5964 ºC se atribuye a las “cenizas” derivadas de la 
degradación de polímeros más complejos y sales inorgánicas, 
con una pérdida de masa entre 7,14 % y 10,10 %. A 
temperaturas superiores a 600 ºC es posible que se logre el 
resto de las transformaciones (degradación y/o fusión de 
sales). 

En la bibliografía se reportan contenidos de hemicelulosa 
para plantas no maderables entre 15-32%, de lignina entre 7-
24% y de celulosa entre 22-85% 24, mucho más elevados 
que los que se han encontrado. Para especies maderables los 
contenidos reportados de lignina resultan más elevados (17-
48%) 25. 

 
3.4.  Solubilidades y análisis químicos 

 
Las hojas de los agaves constituyen residuos agrícolas del 

cultivo a pesar de su alto contenido de azúcares totales (AT) 
y a los grandes volúmenes que anualmente se generan 7,26. 
Las hojas representan del 45 al 50% del peso total de la 
planta. Es en las hojas secadas se encuentran residuos que 
pueden ser solubles en agua fría y/o caliente u otros medios; 
atribuidos a la presencia de azúcares totales (AT), parte de la 
lignina, entre otros. Anualmente la industria tequilera 
demanda aproximadamente un millón de toneladas de piñas 
de A. tequilana Weber Var. azul, actividad que genera una 
cantidad similar en peso de hojas y que no son utilizadas en 
la actualidad 7,27.  

Por su estructura química, los carbohidratos se dividen en 
dos grupos principales, azúcares y no azúcares. Los azúcares 
más simples (monosacáridos), en general, son solubles en agua, 
escasamente en etanol e insolubles en éter y poseen propiedades 
reductoras. Las fructanas son polímeros de fructuosa que 
presentan un solo residuo de glucosa en el extremo de la 
molécula; constituyen unos de los principales carbohidratos de 
las plantas 4,28, también se les conoce como 
polifructosilsacarosas debido a que son polímeros sintetizados 
a partir de la molécula de sacarosa. Se caracterizan por 
pertenecer a la fracción solubilizable en agua caliente 29. 

En la Tabla 6 se muestran los resultados de porcentajes 
de cenizas, grasas y proteínas, así como material 
solubilizable en agua caliente, expresados como %AT, 
material solubilizables en NaOH y CH3CH2-OH. Como se 
aprecia, las tres especies de hoja angosta mostraron similares 
contenidos de cenizas a diferencia de la especie A. salmiana 
de hoja ancha. Asociado a la posible mayor capacidad de 
acumular sales minerales por sus mayores dimensiones. Este 
valor encontrado en A. salmiana es 1,6 veces más elevado 
que el reportado por 4, lo que se atribuye a la toma de 
muestras en épocas de lluvia con mayor probabilidad de 
incrementar las sales disponibles de los suelos. 

Los contenidos de grasas y aceites resultan ser valores 
relativamente bajos, siendo el menor de ellos el 
correspondiente a la especie A. lechuguilla (0.08 %). El valor 
más elevado correspondió a la variedad A. salmiana (1.85 %) 
y resulta similar al que reportan 6 en 1.82%. Peña y 
colaboradores 30, indican que la presencia de grasas en los 
agaves (A. tequilana, A. salmiana y A. angustifolia) se 
atribuye a la presencia de terpenos y ácidos grasos y 
concuerdan los resultados con los encontrados cuando señala 
31 que la especie A salmiana es más rica en ácidos grasos.  
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Figura 7. Análisis térmicos de las fibras de a) A. angustifolia, b) A. lechuguilla, c) A. salmiana y d) A. tequilana.  
Fuente: Elaboración propia 

 
 
En cuanto a los contenidos en proteínas resultan ser 

menores de un 5% (entre 2-3%) lo cual no hace de interés a 
estas especies es este sentido. De nueva cuenta la variedad 
más pobre en proteínas fue A lechuguilla (0,37 %). El valor 
encontrado de 3,32 % en A. salmiana es similar al que reporta 
4 de 3,24 %. 

Para los contenidos de solubilizables en agua caliente 
(AT), se realizó la curva de calibrado a partir de estándar de 
manosa (y = 0,004x – 0,0091, y con un regresión de 0,9964). 

Los resultados variaron entre 17-21% de AT, siendo las 
especies más rica la A. tequilana y la A. salmiana. Algunos 
autores señalan que en general los AT están constituidos por 
inulinas y fructanos no identificados, como principales 
carbohidratos solubles de reserva además de sacarosa, 
fructosa y glucosa, los cuales pueden participar en los 
procesos de protección de la planta, almacenamiento de 
fuentes de energía, estabilizadores de presiones intracelulares 
y como compuestos de difusión para un almacenamiento más 
eficiente de los productos originados por el proceso 
fotosintético, ya que estos compuestos tienden a encontrarse 
en mayor proporción en el floema 32. Sin embargo por los 
bajos contenidos en materia solubilizables en extracto 
etanólico, se asume que son relativamente bajos los 
contenidos de inulina. Esto se corresponde con lo reportado 
para la especie A. atrovirens Kart 33, donde los autores 

también indican que los resultados son dependientes de la 
edad del cultivo. Los contenidos solubles en solución 1% de 
NaOH y etanol-agua 1:1, se asocian a una fracción 
solubilizable de una parte de los contenidos de lignina 
presentes y que son integrantes de la fibra cruda total. Una 
parte de la lignina total puede ser parcialmente disuelta por 
álcalis y/o solventes orgánicos. Luego de una hidrólisis ácida, 
la lignina puede ser removida por un proceso de 

 

Figura 8. Análisis térmicos de Celulosa pura. 
Fuente: Elaboración propia 
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Tabla 6.  
Resultados de análisis proximales de las hojas de agaves en estudio 

Especie: Agave angustifolia Haw (Mezcal) (Oaxaca) 

Hoja Cenizas (%) Grasas (%) Proteína (%) 
Sol. H2O 
 (% AT) Sol. NaOH 1% (%) Sol.  CH3-CH2-OH:agua 1:1 (%) 

media 10,09a 0,697a 2,289a 18,741a 2,055b 0,344b 

desv. Est. 0,044 0,085 0,200 0,255 0,095 0,025 
%CV 0.439 12,20 8,74 1,36 4,62 7,27 

Especie: Agave tequilana Weber, Var. Azul (Tequila) (Jalisco) 

Hoja Cenizas (%) Grasas (%) Proteína (%) 
Sol. H2O  
(% AT) Sol. NaOH 1% (%) Sol.  CH3-CH2-OH:agua 1:1 (%) 

media 10,08a 0,97b 2,64b 20,630b 3,021c 0,322b 

desv. Est. 0,210 0,103 0,205 0,254 0,104 0,019 
%CV 2,087 10,57 7,77 1,23 3,443 5,90 

Especie: Agave salmiana B. Otto ex Salm-Dick (Pulque) (Hidalgo) 

Hoja Cenizas (%) Grasas (%) Proteína (%) 
Sol. H2O  
(% AT) Sol. NaOH 1% (%) Sol.  CH3-CH2-OH:agua 1:1 (%) 

media 12,93b 1,85c 3,32c 20,333b 1,875a 0,284a 

desv. Est. 0,321 0,115 0,186 0,232 0,112 0,029 
%CV 2,49 6,22 5,60 1,14 5,97 10,21 

Especie: Agave lechuguilla Torr. (fibras) (Hidalgo) 

Hoja Cenizas (%) Grasas (%) Proteína (%) 
Sol. H2O 
 (% AT) Sol. NaOH 1% (%) Sol.  CH3-CH2-OH:agua 1:1 (%) 

media 10,08a 0,08d 0,369d 16,889c 2,176a 0,472c 

desv. Est. 0,181 0,013 0,067 0,328 0,176 0,069 
%CV 1,79 16,25 18,16 1,94 8,09 14,62 

   Nota: Medias con letras diferentes en columna indican diferencias significativas (p < 0,05) según Tuckey.  
Fuente: Elaboración propia 

 
 

deslignificación alcalina con NaOH; sin previa hidrólisis 
ácida, solo es removida solo una pequeña fracción de la 
lignina total. Este tipo de tratamiento simple con álcalis es 
reportado en estudios para mejorar la digestabilidad de 
tejidos vegetales (por ejemplo con Ca(OH)2) donde es 
eliminada parcialmente la lignina 34. 

 
3.5.  Análisis por FTIR 

 
En la Fig. 9 se muestran los espectros FTIR de las cuatro 

especies en estudio y de la celulosa pura. Se observa un gran 
número de bandas, donde se superponen absorciones 
características de la celulosa, hemicelulosas y la lignina, con 
preponderancia de las bandas de la celulosa, que es el 
componente mayoritario de las fibras de los agaves. 

Los espectros FTIR de polisacáridos son generalmente 
difusos, con fuerte solapamiento de las bandas, de modo que 
las diferencias espectrales entre ellos no se encuentran bien 
definidas. Esto se atribuye a la complejidad de los diversos 
tipos de interacciones intermoleculares e intramoleculares 
34. Se observan de manera importante bandas entre 3500-
3390 cm-1 asociadas a la tensión del enlace O-H con 
formación de puentes de hidrógeno y de doblaje en las 
señales entre 1000 y 1200 cm-1 y que están presentes en la 
lignina, la hemicelulosa y la celulosa; estas últimas se 
traslapan con señales de vibraciones de valencia de enlaces 
glicosídicos C-O-C en la zona de 1050 a 1200 cm-1. 

Las bandas de vibración entre 2915-2920 cm-1 (simétrica) 
y 2848-2850 cm-1 (asimétrica), así como las bandas en 1420-
1425 cm-1 y 1315-1320 cm-1 correspondientes a la tensión del 
enlace H-C-H del grupo -CH2 o -CH3 se corresponden con lo 
reportado 38 para la celulosa; las bandas en 1735 cm-1 
(hombro) y 1636 cm-1, que se atribuye a la tensión del enlace 
C-O en C=O de éster lactónico y C=C vinílico o aromático. 

Se aprecia también absorciones características de anillos 
aromáticos de la lignina en la zona de 1400 a 1600 cm-1, 
mismas que se ven disminuidas significativamente en la 
muestra de celulosa pura. Es interesante distinguir la señal de 
absorción entre 875-895 cm-1 como absorción más típica de 
la configuración estereoquímica β de las D-glucopiranosas, 
reportada para la celulosa como una banda débil 34. La 
naturaleza de esta absorción del espectro IR de la celulosa y 
otros polisacáridos tiene un carácter complejo según señala 
Zhbankovb en 1966, citado por 34. En la celulosa natural 
esta banda es débil, pero su intensidad varía con el 
tratamiento a que se someta la misma; lo cual es un aspecto 
de seguimiento en el proceso de pulpeo, donde esta 
intensidad debe ir en aumento 34. En efecto para la celulosa 
pura se puede apreciar dicha banda débil pero de carácter más 
intenso en relación a las especies en estudio. 

 
4.  Conclusiones 

 
Los promedios de todas las especies en cuanto al tamaño 

de las partículas en las fracciones minoritarias (<0,5 mm), 
aquellas que pudieran resultar no beneficiosas al momento 
del pulpeo, se concluye que con tamaños entre 0,34-0,45 mm 
corresponden los porcentajes más elevados (25,2% y 41,8%) 
para las especies A. lechuguilla y A. Salmiana; ambas 
especies cultivadas en el estado de Hidalgo. Se corresponde 
con las especies de hoja más larga, más ancha y de mayor 
espesor (A. salmiana) y la más corta, más angosta y de menor 
espesor (A. lechuguilla). Corresponde igualmente a las dos 
especies con los porcentajes más bajos encontrados en 
celulosa (35,9% y 34,2%, respectivamente), según DTGA. 
Las especies A. angustifolia y A. tequilana fueron las de 
menores porcentaje en esta fracción <0,5 mm, y mayor 
porcentaje en partículas 0,5-2,0 mm lo cual representa una  
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Figura 9. Espectros FTIR en pastillas de KBr de las hojas de agave secadas y trituradas.  
Fuente: Elaboración propia 

 
 

ventaja sobre las otras especies, concluyendo que éstas son 
las que presentan un óptimo tamaño de fibra para la 
elaboración de pulpa. Corresponde también a los mayores 
porcentajes de celulosa (44,3% y 36,8%) por DTGA. 

Del análisis proximal, se evidencia que las dos especies 
definidas por análisis físicos como mejores para la obtención 
de pulpa de celulosa, presentan pequeñas diferencias 
significativas en contenidos de grasas, proteínas, material 
solubilizable AT y en solución moderadamente alcalina y/o 
alcohólica. En las especies A. salmiana y A. lechuguilla las 
diferencias significativas resultan más marcadas. 

Los espectros FTIR se presentan con fuerte solapamiento 
de las bandas, de modo que las diferencias espectrales entre 
diferentes especies no se encuentran bien definidas. Sin 
embargo se logran identificar señales propias que están 
presentes en la lignina, la hemicelulosa y la celulosa. Es 
importante distinguir la señal de absorción en 895 cm-1 como 
la absorción más típica de la configuración estereoquímica β 
de las D-glucopiranosas, reportada para la celulosa. 
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