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Abstract 
To address the high labor intensity of manual harvesting and the cost limitations of fully automated robots, this study designed a low-damage handheld 
strawberry harvesting device. The core offset crank-slider mechanism utilizes mating convex-concave blades to achieve synchronous shearing and 
flexible clamping. Kinematics and dynamics simulations confirmed that at 60 rpm, the device generates a torque of 17.6 N·m—far exceeding the 
cutting threshold—with a response time under 0.2 s. Comparative field trials in high-ridge environments demonstrated an average harvesting 
efficiency of 10.18 ± 1.93 fruits/min and a success rate of 90.68 ± 6.06%. Unlike traditional squatting harvesting, the device eliminates direct finger 
contact, effectively preventing pulp compression and ensuring consistent stalk retention lengths. Consequently, the comprehensive damage rate was 
reduced to 13.76 ± 6.33%, which was significantly lower than that of manual harvesting (Welch’s t-test, p < 0.001). This research provides a low-
cost, semi-automated engineering solution that significantly reduces ergonomic fatigue while enhancing fruit quality consistency. 
 
Keywords: strawberry harvesting; handheld assistive device; offset crank-slider mechanism; low-damage; dynamics analysis; human-robot collaboration. 

 
 

Diseño y experimentación de un dispositivo manual de recolección de 
fresas de bajo daño basado en un mecanismo de Biela-Manivela 

descentrado 
 

Resumen 
Para abordar la alta intensidad laboral de la recolección manual y las limitaciones de costos de los robots automatizados, este estudio diseñó un dispositivo 
manual de recolección de fresas de bajo daño. El mecanismo central de biela-manivela descentrado utiliza cuchillas cóncavo-convexas acopladas para lograr 
un corte y sujeción flexible sincrónicos. Las simulaciones cinemáticas y dinámicas confirmaron que, a 60 rpm, el dispositivo genera un par de 17.6 N·m —
superando con creces el umbral de corte— con un tiempo de respuesta inferior a 0.2 s. Los ensayos de campo comparativos demostraron una eficiencia media 
de recolección de 10.18 ± 1.93 frutos/min y una tasa de éxito de 90.68 ± 6.06%. A diferencia de la recolección tradicional en cuclillas, el dispositivo elimina 
el contacto directo de los dedos, evitando eficazmente la compresión de la pulpa y asegurando longitudes de tallo consistentes. En consecuencia, la tasa de 
daño integral se redujo a 13.76 ± 6.33%, significativamente inferior a la de la recolección manual (prueba t de Welch, p < 0.001). Esta investigación ofrece 
una solución de ingeniería semiautomatizada de bajo costo que reduce significativamente la fatiga ergonómica y mejora la consistencia de la calidad del fruto. 
 
Palabras clave: recolección de fresas; dispositivo de asistencia manual; mecanismo de biela-manivela descentrado; bajo daño; análisis 
dinámico; colaboración hombre-robot. 

 
 
 

1 Introduction 
 
Strawberries are globally favored by consumers for their 

unique flavor and rich nutritional content, making them a 
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fruit crop of high economic value. According to recent 
statistics, both the global cultivation area and yield of 
strawberries continue to grow, with China's strawberry 
industry developing rapidly as a major producer [1-2]. 
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However, as typical berry crops with thin and delicate skin, 
strawberries are highly susceptible to mechanical damage 
during harvesting and transportation, which directly impacts 
shelf life and economic returns [3]. Currently, strawberry 
harvesting relies predominantly on manual labor worldwide. 
Traditional harvesting methods, involving prolonged 
squatting or stooping postures, not only entail high labor 
intensity but also predispose workers to musculoskeletal 
disorders (MSDs) such as lumbar muscle strain. Furthermore, 
with the intensifying aging of the population, the shortage of 
agricultural labor has become increasingly acute, creating an 
urgent need for an efficient, low-damage engineering 
solution to assist in harvesting operations [4-5]. 

To overcome labor bottlenecks, domestic and 
international scholars have conducted extensive research on 
fully automated strawberry harvesting robots. Research 
institutions in Japan, the United States, and Europe have 
developed various robots based on machine vision and 
robotic arms. For instance, Xiong et al. [6-8] conducted in-
depth research on the design, development, and integration 
of strawberry harvesting robots and developed a visual 
recognition system based on deep learning [9]. Similarly, 
Tituaña et al. [10] and Parsa et al. [11] designed small 
autonomous field robots for strawberry picking. Despite 
these advancements in laboratory settings, fully automated 
systems face significant challenges in actual agricultural 
production. First, unstructured agricultural environments 
(characterized by complex foliage occlusion and fruit 
density) result in time-consuming visual recognition and 
positioning, alongside limited obstacle avoidance capabilities 
[12]. Second, the high cost of multi-degree-of-freedom 
robotic arms hinders their widespread adoption among 
ordinary farmers. Additionally, existing end-effectors (such 
as suction types [13]) often struggle to meet commercial 
requirements in terms of gripping precision and operational 
efficiency [14]. 

Given the high cost and limited efficiency of current fully 
automated robots, the development of handheld assistive 
harvesting devices based on Human-Robot Collaboration has 
emerged as an effective interim solution. These devices retain 
the flexibility of human judgment in complex environments 
while reducing physical exertion through mechanical 
assistance. Existing handheld devices primarily fall into 
pneumatic and electric categories. While pneumatic devices 
[15] offer rapid actuation, they typically require connection 
to cumbersome air compressors, limiting mobility. Early 
simple electric shears often lacked a synchronous "cut-and-
hold" function, causing fruits to drop immediately after the 
stalk was cut, thereby increasing the risk of damage. 
Although some studies have achieved combined cutting and 
clamping, issues such as bulky end-effector designs, unstable 
centers of gravity, or complex operational logic often result 
in heavy wrist loads, making them unsuitable for prolonged 
use. 

To address these issues, this paper proposes a portable, 
electrically controlled strawberry harvesting device based on 
an offset crank-slider mechanism. The device aims to balance 
lightweight design with high torque output through kinematic 
optimization. By establishing kinematics and dynamics 
models of the end-effector, the temporal coordination of 

“shearing and clamping” was optimized to ensure the fruit 
stalk is clamped flexibly and stably at the moment of cutting, 
thereby eliminating mechanical damage caused by direct 
manual contact with the fruit pulp. This paper details the 
mechanical structure design, control system implementation, 
and dynamic simulation analysis, and verifies the device's 
actual performance in improving harvesting efficiency, 
reducing labor intensity, and minimizing fruit damage 
through comparative experiments in a greenhouse high-ridge 
cultivation environment. 

 
2 Materials and methods 

 
2.1 Analysis of physical characteristics of strawberries 

 
To determine the critical structural dimensions of the 

end-effector and the output torque threshold of the drive 
motor, the “Benihoppe” strawberry cultivar, which is 
widely cultivated in China, was selected as the test 
subject. Fifty mature fruit samples were randomly 
collected from a planting base in Yongchuan District, 
Chongqing, for physical property testing. The diameter 
and peak shearing force at the stalk cutting position (10–
20 mm from the calyx) were measured using a vernier 
caliper (0.02 mm precision) and a digital force gauge 
equipped with a shearing fixture, respectively. The 
measurement results (see Table 1) indicated that the stalk 
diameters ranged from 1.8 to 2.4 mm, with an average of 
2.0 mm. The maximum shearing force required to sever 
the stalk was 5.2 N. Based on these biological 
characteristics, the effective opening width of the blades 
was designed to be 5 mm (approximately 2.5 times the 
average diameter) to ensure the smooth entry of the stalk 
into the shearing zone. Furthermore, considering 
uncertain factors such as blade wear and stalk fibrosis 
during field operations, an engineering safety factor 
greater than 1.5 was introduced. Consequently, the 
minimum effective shearing force required from the 
mechanism's end-effector was determined to be no less 
than 7.8 N. These parameters provided explicit boundary 
conditions for the subsequent dimensional synthesis and 
dynamic optimization of the offset crank-slider 
mechanism. 

 
Table 1.  
Statistical data of strawberry stalk physical characteristics. 

Parameter Min/mm Max/mm Mean/mm SD/mm 

Diameter/mm 1.8 2.4 2.0 0.15 

Shear Force/N 3.5 5.2 4.1 0.42 

1. Handle; 2. Outer tube; 3. Protective housing; 4. End-effector fixed 
frame; 5. Movable blade; 6. Fixed blade; 7. Connecting rod; 8. Lead 
screw A; 9. Extension limit stop (Limit switch 1); 10. Guide sleeve; 11. 
Inner tube; 12. Retraction limit stop (Limit switch 2); 13. Handle cover; 
14. Arduino Micro microcontroller; 15. Release button; 16. Rod 
retraction button; 17. Rod extension button; 18. Shear-clamp button; 19. 
MCU power supply compartment; 20. L298N driver module; 21. Motor 
battery compartment; 22. Strawberry collection basket; 23. Basket frame; 
24. Directional wheel; 25. Connecting handle; 26. Cart linkage rod; 27. 
Cart handle 

Source: The authors. 
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Figure 1. Structure of the shear-clamp electronically controlled strawberry 
harvesting device: (a) Harvesting device; (b) Rod body; (c) Handle; (d) 
Collector.  
Source: The authors. 

 
 

2.2 Mechanical structure design 
 

2.2.1 Overall layout of the device 
 
The overall architecture of the device is illustrated in Fig. 

1, comprising four main modules: a handheld handle, a 
telescopic rod, an end-effector, and a control system. 

The handle features an ergonomic pistol-grip design that 
internally integrates the control circuits and power supply, 
facilitating single-handed gripping and button operation. The 
rod body is composed of nested outer and inner tubes, which 
serve not only as a structural support but also as a channel for 
power transmission. The end-effector, mounted at the distal 
end of the inner tube, contains a micro drive motor and the 
shear-clamp mechanism, functioning as the core component 
for the harvesting operation. This modular design enables the 
device to adapt to operational environments with varying 
ridge heights and plant spacings. 

The assembled handheld unit weighs 0.95 kg. It is 
powered by two 1.5 V AA (No. 5) Nanfu alkaline batteries 
(pack capacity 2000 mAh). The combined working current of 
Motor A and Motor B is approximately 400 mA, enabling 
continuous operation for about 3–4 h under typical 
intermittent harvesting duty. 

 
2.2.2 Electric-Driven Fast Telescopic Mechanism 

 
To flexibly adjust the harvesting radius, a fast linear 

motion mechanism based on lead screw transmission is 
integrated within the rod body, as shown in Fig. 2. A micro 
gear motor (Motor A) is mounted on the base of the rod body, 
with its output shaft rigidly connected to the lead screw (Lead 
screw A). The inner tube features an internal spiral groove 
that mates with the lead screw; meanwhile, its external 
surface is constrained by a guide sleeve fixed to the outer 
tube, which restricts the inner tube's circumferential 
rotational degree of freedom. Consequently, when Motor A  

 

 
 
Figure 2. Fast linear movement mechanism: (a) Perspective view; (b) 
Sectional view; (c) External surface view.  
1. Outer tube; 2. Lead screw A; 3. Motor A; 4. Extension limit stop (Limit 
switch 1); 5. Guide sleeve; 6. Inner tube; 7. Spiral groove; 8. Guide sleeve 
limit slot. 
Source: The authors. 

 
 

rotates, the lead screw drives the inner tube to perform axial 
reciprocating linear motion, thereby achieving stepless 
extension and retraction of the rod. Additionally, limit 
switches (labeled 9 and 12 in Fig. 1) are installed at both ends 
of the mechanism to prevent over-travel detachment of the 
inner tube or collision with the motor, ensuring operational 
safety. 

 
2.2.3 End-Effector based on offset Crank-Slider 

mechanism 
 
The drive and transmission system of the end-effector is 

illustrated in Fig. 3, utilizing an offset crank-slider 
mechanism to generate significant shearing torque. A 
miniature DC gear motor (Motor B) rotates the terminal lead 
screw (Lead screw B), driving the guide slider to perform 
linear reciprocating motion within the slot of the fixed rod. 
The guide slider is articulated with the movable blade via a 
connecting rod, forming a closed-loop linkage structure. As 
shown in Fig. 3, when the guide slider retracts, it pulls the 
movable blade via the connecting rod to rotate around the 
pivot, achieving the closing action; conversely, extending the 
slider opens the blades. This mechanism design exploits the 
quick-return characteristic and the force amplification effect 
near the dead center positions of the linkage, enabling the 
device to sever fibrous, hardened stalks with relatively low 
motor torque output. 
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Figure 3. Structure diagram of the offset crank-slider mechanism: (a) 
Structure and schematic diagram of the clamping device; (b) Perspective 
view of the end-effector.  
1. End-effector fixed rod; 2. Fixed blade; 3. Rivet cap; 4. Upper clamping 
block; 5. Guide slider; 6. Connecting rod; 7. Movable blade; 8. Rivet; 9. 
Lower clamping block; 10. Guide slot; 11. Guide slider (rear view); 12. 
Miniature DC gear motor B; 13. Lead screw B; 14. End-effector fixed rod 
(assembly); 15. Shear-clamp limit stop (Limit switch 3); 16. Opening limit 
position; 17. Internal spiral groove of end-effector. 
Source: The authors. 

 
 
To further reduce shearing resistance and improve the 

smoothness of the cut, the blades feature a curved design with 
a variable sliding cutting angle. As shown in Fig. 3(a), the 
movable blade employs a convex edge (0.48 rad, radius 130 
mm), while the fixed blade employs a concave edge (0.50 
rad, radius 130 mm). This mating convex-concave geometry 
ensures a smooth transition of the sliding cutting angle from 
the initial contact to the final cut. A larger initial sliding angle 
facilitates stalk capture, while the decreasing angle during the 
cutting stroke causes the stalk to slide toward the blade root. 
This not only leverages a shorter lever arm but also 
significantly reduces the peak shearing force, thereby 
extending the service life of both the motor and the battery. 

Simultaneously with shearing, the device must securely 
clamp the stalk to prevent fruit damage from dropping. As 
shown in Fig. 3, silicone clamping blocks with a thickness of 
5 mm (labeled 4 and 9) are attached to the sides of the upper 
and lower blades. The design key lies in a 1 mm height offset 
between the clamping plane and the shearing plane. During 
the closing process (Fig. 4), the silicone blocks contact the 
stalk first, generating elastic pre-compression. As the blades 
continue to close and sever the stalk, the silicone blocks 
utilize their material flexibility to firmly lock the stalk 
between the upper and lower surfaces. This purely 
mechanical "shear-clamp" temporal coupling, which requires 
no additional sensors or actuators, ensures that the stalk is 
reliably gripped the instant it is cut, effectively resolving the 
issue of fruit dropping common in traditional shears. 

 
Figure 4. Diagram of the shear-clamp motion process: (a) Initial state; (b) 
Cutting edge contacts stalk; (c) Upper clamping block contacts stalk; (d) 
Blade completely severs stalk.  
Source: The authors. 

 
 

2.3 Kinematics and dynamics modeling 
 
To verify whether the output performance of the selected 

micro-motor meets the requirements for rapid, low-damage 
shearing, this section performs a quantitative analysis of the 
end-effector based on the geometric and mechanical models 
of the mechanism. 

 
2.3.1 Kinematic analysis 

 
To evaluate the shearing response speed of the device, 

motion constraint equations describing the relationship 
between the guide slider displacement xc and the movable 
blade angle 1ϕ  were established based on the geometric 
model shown in Fig. 5. According to the closed-loop vector 
method, the nonlinear positional relationship is described as 
follows: 

 
1 1 2 2

1 1 2 2

cos cos
sin sin

cl l x
l l e

ϕ ϕ
ϕ ϕ

+ =
 + =

 (1) 

 
Where l1 and l2 represent the lengths of the movable blade 

and the connecting rod, respectively; e is the offset distance; 
and 2ϕ  is the connecting rod angle. Differentiating Eq. (1) 
with respect to time t yields the velocity transmission 
relationship between the angular velocity of the movable 
blade 1ω  and the linear velocity of the slider vc: 

 
2 2 2

1
1 2 1 2 1 2 1 1 2

cos cos
(sin cos cos sin ) sin( )

c cv l v
l l l

ϕ ϕ
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− −
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Figure 5. Schematic diagram of the offset crank-slider mechanism structure.  
Source: The authors. 
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At the input end, the linear velocity vc of the guide slider 
is determined by the rotational speed nB of Motor B and the 
lead Ph of the lead screw: 

 

60
B h

c
n P

v
⋅

=  (3) 

 
The design parameters (l1 = 52 mm, l2 = 72 mm, e = 19.5 

mm) and the motor’s set speed (nB = 60 r/min, Ph = 15 mm) 
were substituted into the model. Calculations indicate that the 
constant moving speed of the slider is vc = 15 mm/s. Inverse 
kinematics simulation reveals that to fully close the blades 
from a 5 mm opening state, the corresponding effective 
stroke of the slider is only cx∆ ≈3 mm. Consequently, the 
theoretical response time t for a single shearing action is: 

 

0.2sc

c

x
t

v
∆

= ≤  (4) 

 
These results demonstrate that through the optimized 

matching of mechanism parameters, the device maintains an 
extremely short closing response time even under a low-
speed, high-torque drive mode, thereby meeting the timing 
requirements for rapid stalk shearing. 

 
2.3.2 Dynamics analysis and shearing verification 

 
The dynamic performance of the mechanism directly 

determines whether the device can simultaneously sever the 
stalk and overcome the resistance generated by silicone 
clamping. To accurately solve for the dynamic output torque 
of the movable blade during high-speed shearing, 
D’Alembert’s principle is applied. By introducing the inertia 
forces and inertia moments of each component into the force 
analysis, the dynamic problem is converted into a static 
equilibrium problem for solution. 

First, utilizing the accelerations derived from the kinematic 
analysis, the inertia terms for each component are calculated. 

Letting mi denote the mass of component i, ixa  and iya  the 
centroidal accelerations, 

iPJ the moment of inertia, and iα  the 
angular acceleration, the corresponding inertia forces ixF , iyF  
and inertia moment iM  are expressed as: 

 
,

i

ix i ix iy i iy

i P i

F m a F m a

M J α

= − = −
 = −

 (5) 

 
Based on this, and in conjunction with the force analysis 

diagram shown in Fig. 6, dynamic equilibrium equation 
systems were established separately for the movable blade, 
connecting rod, and guide slider. 

(1) Dynamic Equilibrium of the Movable Blade 
(Component 1) 

As shown in Fig. 6(a), the movable blade is subjected to 
the constraint force FR14 from the frame, the applied force 
FR12 from the connecting rod, and its own inertia force 
system. Taking the hinge point A as the moment center, the 
equilibrium equation system is established as: 

 

14 21 1

14 21 1

1 11 12

0 0
0 0

0 0

x R x R x x

y R y R y y

A b f

F F F F
F F F F

M M M M M M

 = ⇒ + + =
 = ⇒ + + =
 = ⇒ + + + + =

∑
∑
∑

 (6) 

 
Where Mb is the balancing torque of the blade (i.e., the 

effective cutting torque), Mf is the friction torque, and M11 is 
the inertia moment; x and y represent the projected distances 
of various characteristic points in the global coordinate 
system. 

 
(2) Dynamic Equilibrium of the Connecting Rod 

(Component 2) 
As shown in Fig. 6(b), acting as an intermediate 

transmission component, the connecting rod links the slider 
and the blade. Its force equilibrium equation system is: 

 
 

 
 
 

Figure 6. Force analysis diagram of the offset crank-slider mechanism: (a) Simplified diagram of the movable blade; (b) Simplified diagram of the connecting 
rod; (c) Simplified diagram of the guide slider. 
Source: The authors. 
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Where FR32 is the force exerted by the slider on the rod, 

and FR12 is the reaction force of the movable blade on the rod; 
M21 and M23 are the inertia moments of the connecting rod. 

 
(3) Dynamic Equilibrium of the Guide Slider (Component 3) 
As shown in Fig. 6(c), the slider moves linearly under the 

action of the motor driving force Fτ , subjected to the 
constraint reaction force 34RF  from the spiral slot and the 
reaction force from the rod. The equation system is: 

 
23 3

34 23 3

0 0
0 0

x R x x

y R y R y y

F F F F
F F F F

τ = ⇒ + + =
 = ⇒ + + =

∑
∑

 (8) 

 
Here, the driving force Fτ  is converted from the 

electromagnetic torque T of Motor B. According to the 
dynamics of lead screw transmission, the conversion 
relationship between the two is: 

 
2

tan( )m

TF
Rτ α ρ′

=
⋅ +

 (9) 

 
Where Rm is the pitch diameter of the lead screw (mm); a is 

the lead angle (rad); and ρ′  is the equivalent friction angle (rad), 
the value of which is determined by the friction coefficient f of 
the thread pair material and the thread profile angle. 

 
(4) Solution and Verification 
By solving the above three systems of equations 

simultaneously and substituting the rated torque of the miniature 
DC gear motor B ( 0.2 N mT = ⋅ ), the model was solved using 
MATLAB programming. The results indicate that: 

Throughout the entire motion cycle of the mechanism, 
due to the force amplification effect of the lead screw 
transmission, the axial driving force Fτ  of the guide slider 
can reach 20 N. Further transmitted through the offset crank-
slider mechanism, the maximum equilibrium cutting torque 
Mb obtained by the movable blade is approximately 17.6 N 
m. Based on the lever arm relationship, the effective cutting 
force at the blade edge is calculated as 

17.6 / 0.13 135 NcuttingF ≈ ≈ . Even considering friction wear 
and a transmission efficiency of 0.6η ≈ , the actual available 
cutting force (135×0.6 = 81 N) remains far greater than the 
5.2 N required to sever strawberry stalks. This proves the 
rationality of the device design from a dynamics perspective, 
ensuring that no blade jamming phenomenon will occur 
when cutting thick or fibrous hardened stalks. 

 
2.4 Control system design 

 
To achieve smooth extension of the rod body and precise 

actuation of the end-effector, this study developed a low-
power control system based on an embedded microcontroller.  

 

 
Figure 7. Block diagram of the electronic controller structure.  
Source: The authors. 

 
 
 
The system employs an open-loop control strategy 

combined with hardware limit switch feedback. This 
approach ensures system robustness while simultaneously 
reducing hardware costs and energy consumption. 

 
2.4.1 Hardware architecture 

 
The hardware topology of the control system is illustrated 

in Fig. 7. A compact Micro Arduino microcontroller was 
selected as the core processing unit, responsible for 
processing input signals and outputting control logic signals. 
The driver unit employs an L298N Dual H-Bridge Driver 
module, which features high-voltage and high-current 
driving capabilities. This module is capable of independently 
controlling the forward rotation, reverse rotation, and braking 
of Motor A (extension motor) and Motor B (shear-clamp 
motor), meeting the load requirements when powered by two 
1.5 V AA (No. 5) Nanfu alkaline batteries (2000 mAh pack 
capacity; combined motor working current ≈ 400 mA; 
continuous runtime ≈ 3–4 h). 

The Human-Machine Interface (HMI) consists of four 
momentary push-buttons installed on the handle, 
corresponding to the commands: “Extend,” “Retract,” 
“Shear-Clamp,” and “Release,” respectively. Furthermore, to 
prevent mechanical damage caused by over-travel, four 
micro limit switches (S1–S4) are integrated into the system: S1 
and S2 are deployed at the extreme positions of the rod body 
to limit the extension/retraction stroke; S3 and S4 are 
positioned at both ends of the end-effector’s guide slot to 
provide feedback on the closed and open states of the blades. 

 
2.4.2 Control logic and safety mechanisms 

 
The software program of the control system is designed 

based on Finite State Machine (FSM) principles, primarily 
responsible for parsing user commands and coordinating the 
timing relationship between motors and limit sensors. The 
detailed program execution flow is shown in Fig. 8. Upon 
power-up initialization, the system enters the main loop 
monitoring state, performs real-time polling of the logic level 
signals from the four function buttons on the handle, and 
executes the corresponding motion branch after signal 
debouncing processing. 
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Figure 8. Program execution flowchart of the control system.  
Source: The authors. 

 
 
For the telescopic adjustment of the rod body, the program 

adopts a “Press-to-Actuate, Release-to-Stop” momentary control 
logic. When the microcontroller detects that the “Extend” or 
“Retract” button is pressed, it first verifies whether the 
corresponding limit switch (S1 or S2) is in a triggered state. If the 
limit is not triggered, the L298N driver module controls Motor A 
to rotate forward or backward, achieving continuous extension or 
retraction of the rod. Once the mechanism reaches the extreme 
position and triggers the limit switch, or if the operator releases 
the button, the controller immediately cuts off power to the 
motor. This utilizes hardware limit feedback to prevent the inner 
tube from over-travel detachment or mechanical collision. 

The shearing and clamping action of the end-effector 
employs a “Trigger-Hold” logic strategy to ensure 
operational continuity. Upon receiving the “Shear-Clamp” 
command, Motor B drives the slider backward, actuating the 
blades to close for shearing. When the slider contacts the 
closing limit switch (S3), the program determines that the cut 
is complete and the silicone clamping blocks have 
compressed the stalk, subsequently commanding the motor 
to stop. At this point, utilizing the self-locking characteristic 
of the lead screw transmission or the motor’s holding torque, 
the device maintains the clamping state to prevent the fruit 
from dropping during movement. When the device is 
positioned over the collection basket, the operator presses the 
“Release” button; Motor B reverses until it touches the 
opening limit switch (S4), resetting the blades to the open 
position to complete the fruit unloading action. 

Furthermore, to ensure the long-term operational safety 
of the electrical system, a logic interlock protection 
mechanism is integrated into the software algorithms. When 
mutually exclusive input signals are detected (e.g., 

simultaneous pressing of “Extend” and “Retract,” or 
“Shear-Clamp” and “Release”), the system identifies this as 
an illegal operation and forces the motors to stop. This 
effectively prevents the H-Bridge drive circuit from being 
damaged due to short-circuiting caused by simultaneous 
conduction. This combined software–hardware safety 
strategy significantly enhances the robustness of the device 
in complex field operating environments. 

 
3 Field experiments and result analysis 

 
To validate the operational performance of the designed 

shear-clamp electric harvesting device in an actual 
agricultural environment, and specifically to assess its 
advantages regarding efficiency and fruit quality 
preservation compared to traditional manual harvesting, a 
comparative experiment was conducted on December 8, 
2025, at the Shanquan Strawberry Planting Base in 
Yongchuan District, Chongqing. 

 
3.1 Experimental conditions and methods 

 
3.1.1 Experimental environment 

 
The experiment was conducted in a standard high-ridge 

plastic film mulch greenhouse (Fig. 9). The strawberry 
cultivar was “Benihoppe.” The ridge height was 300 mm, the 
ridge surface width was 450 mm, and the plant spacing was 
200 mm. The fruits hung naturally along the sides of the 
ridges, with some fruits partially subjected to foliage 
occlusion. During the experiment, the temperature ranged 
from 15 to 20°C, and lighting conditions were sufficient. 

 
3.1.2 Definition of evaluation metrics 

 
To objectively evaluate the device's performance, the 

experiment established a “Device Harvesting Group” and a 
“Manual Squatting Harvesting Group” for comparison. 
Considering that the fruit flesh damage rate alone is 
insufficient to fully reflect harvesting quality, this study 
redefined the connotation of the damage rate. The specific 
evaluation metrics were calculated as follows: 

Harvesting Efficiency refers to the number of fruits 
successfully harvested and placed into the collection basket 
per unit time (unit: fruits/min). Harvesting Success Rate 
refers to the proportion of fruits whose stalks were 
successfully severed and stably grasped by the clamping 
mechanism (or fingers) and transferred to the collection 
basket. Cases where the stalk was not severed, the fruit 
dropped after cutting, or the fruit slipped were all regarded as 
failures. Comprehensive Damage Rate refers this study 
adopts a generalized damage criterion, comprising three 
categories: ①Physical Damage: Skin rupture or flesh 
bruising/compression; ② Non-standard Stalk Retention: The 
retained stalk length is < 5 mm or > 15 mm; ③ Contact 
Contamination: Visible fingerprint pressure marks on the 
fruit surface. 
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Figure 9. Experimental site of greenhouse high-ridge cultivation.  
Source: The authors. 
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Where pN , lN , and cN  represent the number of 

samples with physical damage, non-standard stalk length, 
and contact contamination, respectively; and tN  is the total 
number of harvested fruits. 

 
3.1.3 Experimental protocol 

 
Two adjacent ridges with uniform growth conditions 

were selected, and the experiments were conducted by 
operators with similar proficiency levels. Five sets of 
operational data were recorded for each group, with single 
operation durations of 30 s, 60 s, 180 s, 300 s, and 480 s, 
respectively, to observe the impact of fatigue on operational 
quality over time. 

 

3.1.4 Statistical analysis 
 
Harvesting efficiency, success rate, and comprehensive 

damage rate were compared between the Device Harvesting 
Group and the Manual Squatting Harvesting Group. The five 
operation-duration blocks (30, 60, 180, 300, and 480 s) were 
treated as replicate observations for each group (n = 5). 
Independent two-sample Welch’s t-tests were used as the 
primary tests, and paired t-tests on the matched durations 
were performed as a sensitivity analysis. Statistical analyses 
were conducted in MATLAB (R2021a), and differences were 
considered statistically significant at p < 0.05. 

 
3.2 Results Analysis 

 
The statistical results of the experiment are presented in 

Table 2. 
 

3.2.1 Comparison of harvesting efficiency and success 
rate 

 
Comparing the data in Table 2, the mean harvesting 

efficiency of the device was 10.18 ± 1.93 fruits/min, which 
was slightly higher than that of manual harvesting (8.78 ± 
3.11 fruits/min). However, Welch’s t-test indicated that this 
difference was not statistically significant (t = 0.855, p = 
0.422). Although a single cutting cycle of the device (0.2 s 
plus aiming time) is theoretically slower than skilled manual 
harvesting, manual efficiency fluctuated more as the 
operation time extended (e.g., from 30 s to 480 s) due to the 
physical decline caused by frequent squatting and standing. 
In contrast, the device operator maintained a standing 
posture, requiring only arm movement, resulting in a more 
stable operational rhythm. Regarding the success rate, the 
device and manual groups achieved 90.68 ± 6.06% and 90.19 
± 9.49%, respectively, with no statistically significant 
difference (Welch’s t-test, t = 0.097, p = 0.926), indicating 
that the device’s offset crank-slider mechanism can complete 
the shear-clamp (stalk cutting and holding) task as reliably as 
the human hand. 

 
 

Table 2.  
Strawberry harvesting experiment results. 

Group Time/s Total Success Defects Efficiency Success 
Rate/% 

Damage 
Rate/% 

Device 

30 5 5 1 10.0 100.0 20.0 
60 15 13 2 13.0 86.70 20.0 

180 37 33 3 11.0 89.20 13.5 
300 52 44 3 8.8 84.60 9.6 
480 70 65 2 8.1 92.90 5.7 

Avg     10.2 90.67 13.76 

Manual 

30 7 7 5 14.0 100.0 71.4 
60 12 9 7 9.0 75.00 58.3 

180 24 23 15 7.7 95.83 62.5 
300 33 30 19 6.0 90.91 57.6 
480 65 58 40 7.2 89.23 61.5 

Avg     8.8 90.19 62.26 
Source: The authors. 
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3.2.2 3.2.2 Analysis of comprehensive damage rate 
 
The results show that the comprehensive damage rate of 

the manual group was as high as 62.26 ± 5.51%, whereas the 
device group was only 13.76 ± 6.33%. Welch’s t-test 
confirmed that this difference was highly significant (t = 
−12.921, p < 0.001). A paired t-test based on the five matched 
operation durations yielded the same conclusion (t = 
−16.822, p < 0.001). This significant difference is primarily 
attributed to the expanded definition of damage in this study 
and to the non-contact shear-clamp process of the proposed 
device. 

During manual harvesting, in the pursuit of speed, operators 
often struggle to precisely control the position where their 
fingernails nip the stalk, resulting in a large number of fruits with 
stalks that are either too short (< 5 mm) or too long. 
Simultaneously, pinching the fruit flesh with fingers inevitably 
causes slight compression and fingerprint marks. Although these 
do not cause fruit rupture, they negatively affect the commercial 
appearance of premium fruits. 

Conversely, the proposed device utilizes silicone soft claws 
to clamp the stalk, achieving non-contact harvesting regarding 
the fruit pulp, thereby avoiding damage caused by finger heat and 
pressure. Additionally, mechanical limits ensure consistent stalk 
length for every cut. The 13.76% damage rate produced by the 
device mainly stemmed from accidental touches due to unskilled 
aiming during the initial operation phase. As the operation 
duration increased (e.g., in the 480 s group), the damage rate 
dropped significantly to 5.7%, demonstrating the device’s 
immense advantage in standardized harvesting. 

 
3.3 Discussion 

 
The experimental results confirm that although the handheld 

device may lag behind skilled workers in terms of short-term 
burst speed, it demonstrates superior ergonomic advantages 
during sustained operations. By transforming the operational 
posture from stooping or squatting to an upright handheld 
position, the device significantly reduces lumbar load. More 
importantly, the deterministic kinematic motion of the 
mechanical structure resolves issues inherent to manual 
harvesting, such as inconsistent stalk retention lengths and fruit 
flesh bruising caused by fatigue. This is of significant importance 
for enhancing the post-harvest commercialization rate of 
strawberries and validates the effectiveness of the offset crank-
slider mechanism in low-damage harvesting applications. 

Compared with the pneumatic suction-cup head of 
Kurpaska et al. [13], which applies vacuum loads of about 
1.86–2.38 N (up to 2.72 N; ≈4.3–7.4× fruit weight) and can 
cause fruit-surface necrosis, the present device contacts only 
the stalk (cutting threshold 5.2 N; available blade force ≈ 81 
N) and exerts no force on the pulp. Greenhouse tests further 
yielded 10.18 ± 1.93 fruits/min, a 90.68 ± 6.06% success rate, 
and a 13.76 ± 6.33% comprehensive damage rate at 0.95 kg 
and ≈3–4 h runtime, without requiring a vacuum pump. 

 
4 Conclusions 

 
Addressing the challenges of high labor intensity and the 

susceptibility of fruit to damage in strawberry harvesting, this 

paper designed and validated a handheld electric assistive 
harvesting device based on an offset crank-slider mechanism. 
The main conclusions are as follows: 

(1) Under the low-speed drive (60 rpm) of a miniature DC 
gear motor, the device achieved precise temporal 
coordination of “shearing and clamping.” It output a balanced 
torque of 17.6 N·m with a closing response time of less than 
0.2 s, ensuring the fluidity and reliability of the operation. 

(2) High-ridge greenhouse experiments indicated that the 
average harvesting efficiency of the device was 10.18 ± 1.93 
fruits/min, with a success rate of 90.68 ± 6.06%; neither 
metric differed significantly from manual harvesting 
(Welch’s t-test, p > 0.05). Compared with traditional manual 
squatting harvesting, the device utilized silicone clamping 
blocks to achieve non-contact clamping, significantly 
reducing the comprehensive damage rate from 62.26 ± 5.51% 
to 13.76 ± 6.33% (Welch’s t-test, p < 0.001), effectively 
resolving problems related to finger compression of the fruit 
pulp and non-standard stalk retention. 

(3) The telescopic rod structure of the device transformed 
the working posture from squatting to upright handheld 
operation, substantially alleviating lumbar load. Data 
confirmed that during long-term continuous operation (> 300 
s), the device operator maintained a more stable efficiency 
than manual harvesting, providing an effective engineering 
paradigm for the design of human-robot collaborative 
agricultural equipment. With a mass of only 0.95 kg and a 
continuous operational runtime of about 3–4 h, the device is 
suitable for practical field deployment. 
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