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ABSTRACT
Previous studies presents different implementations of computer vision in robotics using both Arduino and Raspberry Pi, however,
very few works implement applications with human-machine interactions, trajectories and presence sensors, furthermore, there
are no approaches that integrate into a single Raspberry Pi three working modes (manual, semi-automatic, and automatic), object
stacking, nor statistical analysis of the positions of objects placed by the robot. This paper presents the operation of a 3 DOF
robotic arm prototype through a GUI to classify and stack objects by color and shape through image processing performed with the
OpenCV library and a 8 MP camera on a Raspberry Pi 4; integrating several devices (presence sensors, camera, and servomotors).
The inverse kinematics problem was solved using the geometric method; additionally, trajectories with trapezoidal velocity profiles
were performed using Peter Corke’s Robotics Toolbox for Python. The results showed that the NRMSE positioning error was 0.0793
(Triangle), 0.0267 (Square), 0.0099 (Rectangle), 0.0245 (Rhombus), and 0.0152 (Circle). This work satisfactorily demonstrated the
two stages programmed on Raspberry Pi 4: shape and color identification with OpenCV and the stacked classification of objects
by shape and color with a 3 DOF robotic arm, programmed on Raspberry Pi 4; it was also statistically demonstrated that the
rectangle positioning was the most precise, the circle the most accurate, and the triangle the least precise and accurate among the
five geometric figures studied.
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RESUMEN
Estudios previos presentan diferentes implementaciones de visión computacional en la robótica tanto en Arduino como en Raspberry
Pi, sin embargo, muy pocos trabajos implementan aplicaciones con interacciones humano-máquina, trayectorias y sensores de
presencia, además, no hay enfoques que integren en una sola Raspberry Pi tres modos de trabajo (manual, semiautomático y
automático), apilado de objetos, ni análisis estadı́stico de las posiciones de los objetos colocados por el robot. Este documento
presenta el funcionamiento de un prototipo de brazo robótico de 3 GDL a través de una GUI para clasificar y apilar objetos por
color y forma a través de procesamiento de imágenes realizado con la librerı́a OpenCV y una cámara de 8 MP en una Raspberry Pi
4; integrando varios dispositivos (sensores de presencia, cámara y servomotores). El problema de cinemática inversa se resolvió
utilizando el método geométrico; además, se realizaron trayectorias con perfiles de velocidad trapezoidal utilizando el Robotics
Toolbox de Peter Corke para Python. Los resultados demostraron que el error de posicionamiento NRMSE fue de 0.0793 (Triángulo),
0.0267 (Cuadrado), 0.0099 (Rectángulo), 0.0245 (Rombo), y 0.0152 (Cı́rculo). Este trabajo evidenció de manera satisfactoria las
dos etapas programadas en Raspberry Pi 4: la identificación de forma y color con OpenCV, y la clasificación apilada de objetos por
forma y color con un brazo robótico de 3 GDL; también se demostró estadı́sticamente que el posicionamiento del rectángulo fue
el más preciso, el cı́rculo el más exacto, y el triángulo el menos preciso y exacto entre las cinco figuras geométricas estudiadas.
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Introduction
Repetitive processes within a company lead to wear and
fatigue among workers, resulting in inconsistencies in
the quality and production of products and/or services.
Nowadays, robotics has permeated most industrial sectors,
optimizing processes by “being much more precise than
humans in executing operations, but also faster, more
dynamic, more stable, and more resilient” [1], making them
indispensable for long, exhausting, and monotonous tasks.

Currently, robotic arms are capable of performing load
and unload tasks (pick and place), making it a simple

process for these types of manipulators. This has led to
the implementation of new technologies in these robots to
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add value and make them increasingly more user-friendly.
An example of this, based on the growing advances in
robotics, is robots that can be controlled through an interface
to achieve a more natural interaction with machines and
operate in hazardous areas without compromising human
safety [2].

The development of interfaces within the industry allows
for better operator control in performing tasks. It
has been reported that graphical interfaces enhance the
user experience when carrying out any action, especially
when complemented with education or data memory [3].
Moreover, Python, being one of the most in-demand
programming languages for interface modules, alongside Qt
and some Python libraries such as PyQt, PyDM, and Py4syn,
are powerful resources for these modules, offering simple
coding that ensures flexible user interfaces [4].

Corke and Haviland [5] explain the functionality of Peter
Corke’s Robotics Toolbox for Python, offering a set of
features that range from basic concepts of robot kinematics
and dynamics to advanced algorithms for trajectory planning
and control. This tool is highly valuable as it provides a wide
range of functionalities for modeling, analysis, simulation,
and control of robots, covering fundamental concepts and
advanced applications in the field of robotics.

One of the objectives of this work is the localization or
detection of objects based on their shape, considering that
the general purpose of computer vision is to reconstruct the
visual aspects of 3D objects in digital form. States that the
aim of computer vision research is to simulate the behavior
and function of human eyes directly through the use of a
computer, and subsequently develop a system that reduces
human effort [6].

Computer vision is one of the key technologies driving
Industry 4.0, enabling improvements in communication
and control strategies to maximize manufacturing processes
and product quality in the industry, as well as increase
profitability in industrial systems, particularly through the
way automation and control are implemented, as Serrano
Ramı́rez et al. [7] state. This process is characterized
by the attempt to emulate the sense of vision through
computerized systems, enabling machines to perceive and
process images digitally, whether through photos or in real
time with the help of a camera [8]. According to [9],
computer vision can be divided into different stages for
image processing: capture, preprocessing, segmentation,
description, recognition, and finally interpretation, with each
stage being essential for giving meaning to the robot’s
interpretation of the processed image.

Sanabria and Archila [10] observe that in the field of
robotics, computer vision becomes essential for the
localization and identification of objects to interact with
them and perform a specific task, depending on the
final application. An important factor to consider is that
the hardware specifications must be highly capable of
ensuring fast and accurate image processing, as the graphical
information obtained requires a series of algorithms that
must be processed quickly to correctly interpret any shape.
Specifically, computational requirements increase as image
processing becomes more complex.

Among the various low-cost platforms for image recognition
processes, the Raspberry Pi offers several relevant features

for appropriate and rapid processes related to robotics and
computer vision. Although it is a general purpose computer,
its characteristics allow it to be transformed into a dedicated
system for more specific tasks in industrial settings [11].
Valera et al. [12] point out that it is a highly flexible platform,
supporting different Linux-based operating systems and
featuring 26 reconfigurable GPIO pins for digital connections
or communication interfaces such as UART, I2C, and SPI, in
addition to USB ports, Ethernet, HDMI video output, power
connector, and analog audio output.

The Raspberry Pi is a low-cost minicomputer that has
become an excellent research tool for technological projects,
primarily “built to be a highly flexible and powerful computer
at a fraction of the cost of a traditional PC, designed for
anyone to solve problems creatively” [13]. It also serves as
a platform that enables online visualization of the workspace
with the help of a camera, offering an educational and
autonomous approach [14], facilitating practical activities
in areas such as circuits, signal processing, and physical
computing [15].

There are various libraries for computer vision applications,
with OpenCV being one of the most popular and accessible
ones. Although developed in C++, it has interfaces in
different programming languages, including Python, making
it favorable for use with the Raspberry Pi [16]. Furthermore,
it “contains a combination of low-level image processing
functions and high-level algorithms, such as face detection,
pedestrian detection, feature matching, and tracking”,
making it a simple tool for interpreting images or videos
in real time, whether using functions from the library or
creating custom functions for special applications [17].

Several studies [18, 19] have shown that edge detection
is based on three criteria: using the first derivative of
the Gaussian to filter noise present in an unprocessed
image, obtaining the change in the image in terms of color
and intensity (i.e., its gradient), and suppressing pixels
without edges to select a hysteresis threshold, aiming to
reduce the possibility of detecting nonexistent edges. The
Canny method from the OpenCV library handles this entire
algorithm, allowing users to specify only a few threshold
parameters within its function to immediately perform edge
detection [20].

Salgado Patrón et al. [21] suggest that the design of image
recognition algorithms requires very high processing speeds,
making it crucial that a development board or embedded
system is not limited by memory, processing power, energy
consumption, or input/output ports.

The Canny function enables the detection of edges in any
image processed by the camera connected to the Raspberry
Pi [22]. This method is one of the most efficient for
processing and identifying the shape of an object in real
time. According to [23], the most basic feature of an image
is its edge, and this method is commonly used to detect an
object based on an image.

Different approaches to the integration of machine vision
and low-cost robotic arms are observed in the literature.
Intisar et al. [24] use OpenCV to classify objects by color,
shape and size through a webcam connected to the PC
via USB and a 4 DOF robotic arm programmed through
Arduino that performs pick and place of the objects from
a centroid; it also has a GUI for easy user interaction with
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the system. Abdullah-Al-Noman et al. [25] also classify
objects by color, shape and size with a 5 DOF robotic arm,
which takes the objects from an initial position to a final
classification position; the PixyMCU sensor detects color,
while OpenCV detects shape and size; the Arduino Mega
2560 is responsible for moving the robot.

Other works stand out for the implementation of a more
robust embedded system such as the Raspberry Pi. Lahoti
et al. [26] perform computer vision through YOLO on
the Raspberry Pi 3B+ to detect objects, for which it was
trained for six classes of waste: biodegradable, cardboard,
glass, metal, paper and plastic, however, the objective
was the classification of these last four wastes with a 5
DOF robotic arm programmed with an Arduino Uno, which
communicates via UART with the Raspberry Pi.

Kumar et al. [27] use a Raspberry Pi for image processing,
implementing pixel scanning algorithms from an RGB image
to identify the coordinates of red objects, being that this
board sends data via UART serial communication to the
Arduino Mega 2560 to move the 6 DOF robotic arm to
a desired position and thus pick up the identified object.
Cong et al. [28] classify objects according to shape and size
with a simple grayscale image algorithm and different filters,
using a camera connected to a Raspberry 4B and positioning
said objects in determined positions by means of two 3 DOF
robotic arms each programmed by an Arduino Uno, forming
a Master-Slaves communication hierarchy.

Considering the work described above, it is important
to highlight that the gap that exists is to centralize the
tasks of computer vision and robot programming in a
single hardware for stacking objects by shape and color,
in addition to integrating a GUI to facilitate interaction
with the system and different electronic devices (camera,
sensors, servomotors) without communication latencies.
The implementation of a computer vision system to
successfully classify and stack objects by shape and color
is possible through pick and place with a 3 DOF robotic
arm, integrating all processing on a single Raspberry 4B.

The main objective of this work is to implement and integrate
a computer vision system and a 3 DOF robotic arm on
a Raspberry Pi 4B, through a GUI to classify and stack
objects by shape and color. The paper is structured in
five sections: Section 2 covers the methodology, including
computer vision for color and shape recognition of the
objects under study; Section 3 presents the analysis of the
NRMSE error results of the objects classified and stacked
by the low-cost 3 DOF robotic arm; Section 4 presents the
discussion of the results of this work with respect to the
updated literature; Section 5 presents the conclusions and
future lines of research.

Methodology
The system is implemented on a Raspberry Pi 4 Model
B equipped with 4 GB of RAM, which handles image
processing, servo movements, and user interface tasks.
The total hardware cost is approximately $155 USD,
demonstrating the cost-effectiveness of the proposed
system. It integrates essential components, including a
Raspberry Pi 4 ($79 USD), an 8 MP camera ($45 USD),
a 3D-printed 3-DoF robotic arm ($25 USD) and infrared
presence sensors ($6 USD). These components ensure the

functionality required for the development of vision-based
robotic applications.

The methodology developed for this work is presented in
Fig. 1, which consists of two main stages: computer vision
and robotic arm. The first stage consisted of capturing the
image in real time through the Raspberry Pi 4 camera to
later process it with OpenCV and thus identify the shapes
and colors of the objects, in addition to obtaining the
coordinates of the central point of these objects. In the
second stage, the robotic arm begins its operation based on
the characteristics (shape and color) of the object previously
analyzed in the first stage, for which the coordinates (X,
Y) are known to position it in the corresponding position
according to the shape, applying inverse kinematics for
each waypoint of the planned trajectory with a trapezoidal
profile; to finally, perform the pick and place task by
stacking the objects through shape and color classification.

Figure 1. Methodology applied
Source: Authors

Computer vision for color and shape recognition
The OpenCV library provides a wide range of functions
aimed at image processing, with a particular focus on color
and shape detection to achieve recognition of these features.
When identifying an image, the task of annotating it is
essential to highlight aspects such as shape, color, size,
and other relevant characteristics on the screen. Fig. 2(a)
shows a generic captured image, while Fig. 2(b) presents the
intended goal to be achieved through the image recognition
process.

The system uses an 8 MP RGB camera, capturing images
in color, which are then converted to grayscale for edge
detection and feature extraction. It does not use infrared
imaging. Fig. 2 shows a processed grayscale image.
Furthermore, Using basic geometric shapes (triangle,
square, rhombus, rectangle, and circle) enables controlled
evaluation, as their well-defined edges facilitate consistent
detection and comparison across experiments.

OpenCV includes a video capture tool for real time image
processing, allowing for various operations such as object
detection, segmentation, classification, and more. Video
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(a) Original Image

(b) Expected result

Figure 2. Grayscale image labeling
Source: Authors

capture generates a large number of images in a short period
of time, with the Raspberry Pi camera typically capturing at
30 fps with good resolution images of 8 megapixels. Fig. 3
shows a real time image capture using the Raspberry Pi
camera.

Figure 3. Online video capture
Source: Authors

Edge detection

The Canny method from the OpenCV library has an edge
detection algorithm within its function. The only input
parameters required for this function are the input image
and the minimum and maximum threshold values for edge
detection, which are obtained through various tests, as
ambient lighting is a relevant factor affecting the camera.
However, for initial image processing, it is recommended
to convert the image to grayscale (see Fig. 4(a)) for
a better interpretation of its details and characteristics.
Subsequently, the Canny method is applied to the image
for edge detection (see Fig. 4(b)).

As shown in Fig. 4(b), the edges of some shapes are not well
detected. To address this issue, several tests were carried

(a) Grayscale image

(b) Edge detection

Figure 4. Canny method
Source: Authors

out to determine the most appropriate threshold values for
camera conditions, thus improving edge detection accuracy.
The results detailed in Table 1 indicate that the choice of the
50­50 threshold is based on an exhaustive testing process
of different thresholds and proves to be the optimal option
for edge detection, aligning with the specific needs of the
object classification algorithm with the 3 DOF robot.

Table 1. Threshold testing for edge detection.

Minimum
Threshold

Maximum
Threshold Image

0 0

0 25

After edge detection, different operations can be applied to
enhance the image: dilation, which is used to expand the
bordered region (see Fig. 5(a)) and erosion, which thins out
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Minimum
Threshold

Maximum
Threshold Image

0 50

0 75

0 100

25 50

50 50

50 55

Source: Authors

the edges (see Fig. 5(b)). The combination of these two
functions is used to improve accuracy when identifying an
object in real time.

(a) Dilation

(b) Erosion

Figure 5. Techniques to improve edge detection
Source: Authors

Creating contours on figures

Once the edges have been identified, the next step is to
detect the types of shapes by creating contours around each
one, which are drawn over the original image, as illustrated
in Fig. 6.

Figure 6. Contour drawing
Source: Authors

Contour classification

The detected shape will be identified using the approxPolyDP
function provided by the OpenCV library, which is used
to approximate the contours of shapes in an image. This
approximation helps determine the number of vertices
present in the identified contours, which is essential to
accurately classify and identify each shape (see Fig. 7).

Figure tracking and positioning

This stage aims to evaluate the accuracy in positioning the
shapes after classification, i.e., extracting the coordinates (x,
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Figure 7. Recognition of each figure
Source: Authors

y) of the central point of each detected shape (see Fig. 8)
and assessing their position relative to a known reference
frame.

Figure 8. XY Coordinates
Source: Authors

Color Identification

In this final stage, the goal is to determine the predominant
color within a specific region. This process is simplified
by considering that the region of interest is the contours
previously identified in the earlier steps. The procedure
involves capturing the color present in the region of interest,
converting it to the HSV color space, and breaking it down
into its 'H' (hue), 'S' (saturation), and 'V' (brightness)
components. By using the 'H' value ranges that correspond
to different colors, the predominant color is determined by
checking the range. Fig. 9 shows the detected color for each
shape.

Figure 9. Color classification
Source: Authors

Once this stage of computer vision is completed, the
robotic arm can interact with the objects, executing specific
trajectories to stack them according to the detected shape.

3 DOF robotic arm

The serial manipulator used for the pick and place operation
is a 3 DOF robot. Its operation is based on inverse
kinematics, which aims to determine the joint values starting
from the position and orientation of the Tool Center Point
(TCP) within a defined workspace. Equations 1, 2 and 3
allow the calculation of each joint's angle based on the X, Y,
and Z coordinates of the TCP [29].
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Using geometric analysis, joints �1, � 2 and � 3 can be
calculated based on the plane formed by the z­axis and the
dotted lines shown in Fig. 10, obtaining the 2D views of the
robot as illustrated in Fig. 11.

Figure 10. Isometric view of 3 DOF robot
Source: Authors

Considering Fig. 11(a) it can be seen that the robot resembles
a planar type (2 DOF) [30], making it possible to calculate
the values of �2 and � 3. Then, the value of �1 is obtained by
forming a triangle between Px and Py from the top view, as
observed in Fig. 11(b).

For kinematic analysis, it is essential to consider the
measurements of each robot link and the joint movement
constraints, which are presented in Table 2 and Table 3,
respectively.
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