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Abstract—Robotic grippers play a vital role in enabling
robots to efficiently manipulate objects. This study primarily
focuses on the design and optimization of an adaptive gripper
using response surface optimization techniques. A new design
based on response surface optimization utilizing ANSYS
software is suggested in place of the original design based on
complaint mechanism topology optimization. The study aims
to develop a lightweight gripper with the best flexibility for
gripping items. When determining the optimal set of input
parameters, the response surface optimization technique is
used to consider objectives such as maximizing deformation
and decreasing mass. The considerable impact of specific
factors on deformation, stress, and mass is highlighted
through sensitivity analysis. The relationship between mass
and deformation is depicted in the trade-off curve,
demonstrating a significant exponential decrease in mass as
deformation increases. Response surface analysis guides the
selection of potential locations, leading to the identification of
the optimal design parameters. Surface response
optimization indicates that the adaptive finger can achieve a
substantial 37 mm deformation, highlighting its remarkable
flexibility relative to its weight and stress tolerance. The
proposed design has a final mass of 10 grams, which is
relatively lightweight in comparison to other designs
documented in the literature.
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. INTRODUCTION

Robotic grippers are devices that allow robots to pick up
and manipulate objects. They are an essential part of many
mechanical systems, and their performance can
significantly impact a robot’s overall productivity and
efficiency [1]. Recent literature features an array of studies
delving into diverse gripper designs and optimization
methodologies. These investigations underscore the
enhancements in gripper strength, repeatability, and speed
when compared to their older designs. They also
emphasize how technical developments have aided in the
creation of grippers that can hold a variety of things [2].
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Grippers have many different types depending on the
application. Pneumatic grippers are among the most used
in the small and medium industries [3]. These kinds of
grippers are used for on-off control regardless of the force
control [4]. Actuation strategies for soft robotic grippers
are also examined. Fluid Elastomer Actuators (FELA) are
one of the most established and widely used methods for
soft robotic grippers. Lightweight, high power-to-weight
ratio, big stroke and force output, simplicity of
manufacture, resilience, and low-cost materials are just a
few benefits of FELA-based soft grippers [5-8]. A soft
gripper system utilizing Fluidic Prestressed Composite
(FPC) fingers develops an analytical model to examine
grasping capabilities, considering factors like pre-strain,
integration angle, and finger overlap. The model’s
predictions align with experimental results, offering
insights into theoretical analysis for soft robotic
grippers [9].

A bio-inspired conformable helical soft fabric gripper
introduced with variable stiffness and touch sensing in the
realm of soft robotic grippers. The gripper is thin,
lightweight, and scalable, and it is made using a
computerized approach from apparel engineering. A small
hydraulic source controls the gripper, which can grab items
of various sizes and weights. The research shows the value
of employing conformable matrix materials in soft robotic
grippers and emphasizes how well FEA-based grippers can
hold items of varied sizes [10]. A novel soft actuator
concept for enhancing the capabilities of soft grippers
proposed by employing a dual-chamber structure filled
with engineered particles, this actuator achieves large-
scale deformation and variable stiffness, offering the
potential for versatile applications in soft grippers.
Numerical modeling confirms its effectiveness,
demonstrating  substantial bending and  stiffness
improvements compared to traditional actuators [11].

The medical field also has several applications for
robotic and manual grippers, one research describes an
automated approach for creating customizable surgical
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forceps. Although compliant forceps are used for their ease
of disinfection, they frequently lack adaptive gripping.
Using topology optimization, this technique simplifies the
design of task-specific compliant forceps, providing safe
manipulation. Experiment results demonstrate its
efficacy [12]. A MATLAB-based Finite Element Method
(FEM) framework for investigating complicated bio-
inspired compliance mechanisms utilized in medical
robots was introduced. It tackles non-linear FEM modeling
concerns by handling massive displacements, tendon-
driven systems, and contact problems. Simulations
validate their accuracy, and structural optimization of
these systems is also possible [13].

Furthermore, there is a variety of research focused on
investigating a diverse range of gripper designs and
optimization methodologies in recent literature,
demonstrating the dynamic and growing environment of
this topic [14-21].

Extensive research efforts have been undertaken in the
field of optimizing robotic grippers, embracing a wide
range of investigations and developments. One uses
Strength Pareto Evolutionary Algorithm 2 (SPEA2) to
suggest a multi-objective design optimization strategy.
The goal of the study is to optimize the gripper design by
considering a variety of factors, such as increasing the
grabbing force while reducing weight and energy
consumption. The results show how well the suggested
method works in locating the best gripper designs that
strike a compromise between efficiency and
performance [22]. Another research was conducted to
address the requirement for a versatile, sensor-free soft
robotic gripper that can handle objects that vary in size,
shape, and softness. It describes a revolutionary strategy
for creating a basic yet adaptive two-finger gripper by
combining compliant mechanisms with a linear actuator.
Simulation and prototype studies show that it is capable of
securely and gently grabbing a wide range of objects, even
those that are difficult to grasp, such as soft fruits and
irregular forms. This gripper provides an excellent solution
without the need for sensors or sophisticated control
systems [23].

A novel MATLAB-based 3D topology optimization
system was proposed for automating the design of soft
robotic grippers capable of grabbing irregularly shaped
objects. The framework streamlines the design process by
allowing users to specify the design domain and set
boundary conditions. To produce 3D-printable soft
grippers, it uses 3D topology optimization and post-
processing techniques. Experiment results show that they
are effective at gripping items of varied forms, revealing
prospective uses for soft grippers with variable actuation
systems and specialized grasping characteristics [24]. The
compliant gripper with parallel gripping motion through
topology and dimensional synthesis was introduced. The
approach combines topology optimization to generate
compliant mechanisms and evolutionary optimal design
for various goals. A kinetostatic model is developed for
force-displacement  analysis,  validated  through
experiments, demonstrating the efficiency and accuracy of
the design process [25].
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A recent research project aims to call attention to the
significance of adaptive grasping in robotic grippers,
particularly continuum-structure grippers, which are noted
for their flexibility. It offers a new continuum-structure
double-finger gripper with an additional spring for
adaptive gripping, optimized utilizing a 3-D topology
method. In testing, the gripper, which was made utilizing
selective laser sintering using polyamide material and
controlled by a linear motor, effectively handled various
items. Despite its small weight (180 g), the gripper
managed an impressive maximum payload of 8.8 kg or
roughly 49 times its weight. This study concisely
illustrates the viability of optimization-based automated
design for robotic grippers [26]. An impressive
methodology was proposed for improving the handiness of
two-fingered grippers by optimizing finger size,
investigating symmetry effects, and examining the
workspace. The findings led to the development of an
adaptable gripper with adjustable finger bases and locked
joints, which improves manipulation without losing
efficiency. The gripper functions as a parallel jaw as well
as an adaptable gripper [27].

In this paper, a new design of a lightweight gripper is
introduced. The design idea comes from the need for soft,
adaptive grippers that can grasp things in different sizes
without mechanisms and many parts. This paper presents
the design formulated through response surface
optimization using ANSYS software. The design was
conducted by investigating a set of parameters to reach the
optimum value for each parameter to improve the bending
performance of the gripper. The goal of the optimization
procedures is to maximize the deformation and minimize
the mass. The design values are updated from the
optimization analysis to obtain the desired total
deformation and stress values. Finally, a validation
approach is used to generate a 3-D-printable model based
on the optimized parameters.

The fundamental design criteria for the proposed
adaptive lightweight gripper are to achieve maximal
deformation for increased flexibility while limiting bulk to
maintain a lightweight structure. These specifications are
driven by the gripper’s intended usage in industrial
automation, where adaptability to items of diverse sizes
and forms is crucial. Furthermore, structural stability
under stress and cost-effectiveness in production are
important issues. These criteria were converted into
precise optimization objectives, such as increasing
deformation (with a target range of up to 40 mm) and
reducing mass (resulting in a final weight of 10 g).
Additional factors, such as ease of manufacture utilizing
readily available 3D printing materials like PLA, were
incorporated into the design process.

3-D Topology Optimization-Based Design Methods are
effective for producing optimal structural designs in
various engineering applications. These approaches use
mathematical algorithms to distribute material repeatedly
within a defined design domain, attempting to reduce
specific performance requirements while meeting certain

OVERVIEW OF OPTIMIZATION DESIGN METHODS
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limitations. Topology optimization can provide optimal
designs with greater structural efficiency, decreased
weight, and higher performance by methodically
eliminating unneeded material and redistributing it where
it is most required. These approaches have been used
effectively in wvarious sectors, including aerospace,
automotive, and civil engineering, to create lightweight,
high-performance structures. Density-based approaches,
such as Solid Isotropic Material with Penalization (SIMP),
and level-set-based methods, such as the Extended Finite
Element Method (XFEM) are notable in this field. These
methods are effective [28].

Response surface optimization is a technique used to
find the best combination of input parameters for a given
output. It can be used in a variety of engineering
applications, such as design optimization, process
optimization, and product development. ANSYS provides
several tools that can be used for response surface
optimization. These tools include Response Surface
Methodology (RSM), Design of Experiments (DOE), and
Optimization. RSM s a statistical technique that can be
used to develop a mathematical model of the relationship
between the input parameters and the output. DOE is a
technique that can be used to select a set of input
parameters to be used in the RSM model. Optimization is
a technique that can be used to find the best combination
of input parameters for the given output [28-32]. To use
ANSYS for response surface optimization, you will need
to define the input parameters and the output, select a DOE
method, generate a DOE plan, run the simulations, fit the
RSM model to the simulation data, and finally use the
RSM model to find the best combination of input
parameters.

I1l. DESIGN METHODOLOGY OF THE PROPOSED ADAPTIVE
FINGER

A. Response Surface Optimization

This study’s theoretical foundation is based on
optimization and structural analysis methodologies,
specifically Response Surface Optimization (RSM). RSM
is a well-established statistical and mathematical tool for
modeling and analyzing problems in which numerous
variables influence the interest response. Using ANSYS
software, the researchers used RSM to systematically
investigate and discover the best design parameter
combinations that optimize deformation and reduce mass.
This draws on the fundamental principles of material
mechanics and Finite Element Analysis (FEA), ensuring
that the design fits both functional and structural
requirements. When compared to traditional topology
optimization techniques, RSM outperforms them in
dealing with multi-objective issues and capturing complex
trade-offs like the link between deformation and weight.

Adaptive design is the goal for most robotic grippers.
This paper introduced a new design based on response
surface optimization provided by ANSYS 18.1 software.
The lightweight adaptive robotic gripper based on
complaint-mechanism  topology  optimization  was
developed in [26] and that was the model to compare our
results. The proposed design is shown in Fig. 1. The
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concept is based on a 2D sketch with a specific set of
parameters. These parameters are analyzed to obtain the
optimal values that guarantee the lightweight of the finger
and the optimum flexibility for grasping objects. Table |
shows the parameters and the values.

15,00

90,00

Fig. 1. The proposed design of the adaptive finger
(all dimensions in mm).

TABLE I. DESIGN PARAMETERS OF THE ADAPTIVE FINGER

Lower  Upper
Name Description bound  Bound
(mm) (mm)
ti The thickness of the inner frames 0.5 25
to_u The thickness of the upper outer 05 25
frame
to_b The thickness of the bottom outer 05 25
frame
Lt Length of the top outer frame 70 83
H1 Indicates the angle of the 6 10
L1 frame near the gripping end 11 23

The analysis employing response surface optimization
starts with a static structural assessment of the initial finger
design illustrated in Fig. 2. The force is set to be 14 N
according to the physical test done [26]. The lower left
points of the fingers were constrained to move in the
direction of the force application line (towards the left
horizontal). The first step in the analysis performed in this
paper is to study the effect of the thickness on the
flexibility of the finger structure. This takes place by
defining the design of the experiment parameters which
are ti, to_u, and to_b.

Stati Structural

Time: 1.5
3/6/2025 1222 PM

& Force 14N
{8 Fired Support
€ Dusplacement

=

0000 15000 30,000 (mm
— —
7500 22500

Fig. 2. Definition of load and boundary conditions.

According to limits and several parameters, 15 design
points were generated to be the base of formulating the
response surface of the design case. The design points
include a variance of combinations to cover the whole
range of parameter limits. Analyzing the response curve
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generated after solving the design problem each time with
the load and boundary conditions defined before according
to a set number of objectives.

The analysis reveals that the to_u (The thickness of the
upper outer frame) is the primary sensitive factor
influencing the deformation and stress within the finger
structure. Fig. 3 shows the sensitivity of the thickness
parameters. The parameter to_b (The thickness of the
bottom outer frame) has less effect on the deformation and
stress values while the ti does not affect them. As a result,
it is advisable to exclude this parameter from the analysis
to conserve computational time. The value of ti (thickness
of inner frame) is set to be 1.5 mm according to the best of
the candidates’ points that appeared in the analysis.
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Fig. 3. Sensitivity analysis of initial DOE includes the ti, to_u, to_b
parameters.

As aresult of the above, more parameters must be added
to identify the deformation and stress values to reach the
optimum design of the Finger structure. The new
parameters of the new optimization are to be the same as
in Table | excluding the ti (thickness of inner frames)
parameter.

Now, five parameters are included in the analysis,
which means that the set of design points in the DOE will
be increased. The DOE set points are increased to 27, each
point has a set of values for the DOE parameters. For
example, point 13 has (1.9625, 1.5375, 74.658, 7.433,
15.3) mm values for (to_u, to_b, Lt, H1, L1) respectively.
The response curves are constructed between each
parameter and the output variables. to_u vs. deformation is
an example shown in Fig. 4.
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Fig. 4. Response cure of total deformation (max) to the change in the
outer upper frame thickness.

Fig. 4 shows the limits of parameters on the x-axis and
the deformation values on the y-axis, and the increase of
the outer upper frame thickness causes the deformation to
decrease which we don’t need to happen. This curve is
sometimes called the learning curve which allows the
software to learn the behavior of response of the parameter
and to expect the values along the curve constructed. Each
parameter has its response to the output parameters. The
values of the total deformation and mass (which is the
output parameter) are based on the PLA material which is
widely used in 3D printing facilities. Material density is
1.24 glcm?® which is relatively low to give the required
lightweight of the gripper.

Now the system learns the behavior of the design and is
ready to input the optimization values needed. Usually, the
RSM procedure learns the behavior of the system by
gathering the design of experiment DOE data, fitting a
mathematical model to the data, and then using the model
to forecast the output response for various input settings.
This method is especially beneficial when working with
complicated systems in which the relationship between
inputs and outcomes is not obvious, or when performing
experiments is expensive or time-consuming [30, 31].

In this paper, two main goals are to formulate the input
parameters of the optimization phase of this study. The
first goal is to set the deformation to be maximized to give
more flexibility to the finger of the robotic gripper, this
flexibility raises the ability to grasp things in different
shapes properly. In addition to the first goal, a constraint
was added to ensure that the maximum deformation not to
be more than 40 mm. The value is from reasonable logic
and controls the flexibility behavior of the finger. The
second goal of this study is to minimize the mass of the
figure as much as possible. Because the mass is an
important parameter that affects the behavior of the gripper.
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Fig. 5. Sensitivity response of design parameters.

As shown in Fig. 5, the main effect on the design output
parameters arises from the thickness of the outer upper
frame to_u, which is the main in deformation and stress
values. In Fig. 5, the to_b and H1 parameters have a slight
positive effect on the desired goals. the thickness
parameters have the most control over finger structures’
mass values and the rest parameters have a very weak
behavior attitude on mass values.

Another important step in the RSM is the trade-off curve
in response surface optimization is the graphic depiction
of the connection between several objective functions. It
demonstrates the trade-offs that arise while maximizing a
system regarding several goals. The curve illustrates the
necessary trade-off between opposing goals, when
achieving one goal may result in the degradation of
another [30].

The trade-off between the deformation and the mass are
shown in Fig. 6. The curve is based on 1000 sample to meet
the maximum deformation and minimum mass goals, the
curve shows as the deformation increase the value of mass
decreases exponentially.

trade off curve
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Fig. 6. Trade-off between outputs (deformation and mass).

After investigating the response surface of the system,
1000 samples were selected to formulate the goal behavior
that was needed. Three points are selected to be the most
significant points that satisfy the goal sought. For the
current design, the candidate points, and their verification
are shown in Table Il. The selected points are validated
after that to ensure the goals are well satisfied.

Based on the results above, candidate point 3 which has
1.217, 1.053, 70.862, 9.688, 19.403 mm values for to_u,
to_b, Lt, H1, L1 respectively was selected to set as the final
design or optimum design upon the goals described above
and due to the lower value of the stress generated on it.
Table 111 shows the final values of the design parameters
to use in the validation of the results. The table shows that
some parameters are near the lower limit while others are
near to average value of the range. This variety of values
is due to meeting the required objective of the analysis.

TABLE Il. CANDIDATES POINTS (THE BEST PERFORMANCE ON THE RESPONSE CURVE)

Total Equivalent
Name to_u(mm)  to_b (mm) Lt (mm) H1 (mm) L1 (mm)  deformation stressmax. Mass (Kg)
Max. (mm) (MPa)
Candidate Point 1 1.151 1.223 75.356 6.13 14.505 39.750 31.079 0.009674
Candidate Point 2 1.181 1.177 72.146 6.77 13.525 36.617 29.292 0.009354
Candidate Point 3 1.217 1.053 70.862 9.688 19.403 37.416 27.993 0.009411
TABLE Ill. MODIFIED VALUES OF DESIGN PARAMETERS
Total deformation
Name to_u (mm) to_b (mm) Lt (mm) H1 (mm) L1 (mm) Max. (mm)

Candidate Point 1 1.151 1.223 75.356 6.13 14.505 39.750

Candidate Point 2 1.181 1.177 72.146 6.77 13.525 36.617

Candidate Point 3 1.217 1.053 70.862 9.688 19.403 37.416
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By adding the mounting points to the finger, the final
design will be as shown in Fig. 7.

70,86

1,217

1,50

9,688

o

1
1,053

Fig. 7. Final design of the gripper finger (all dimensions in mm).

B. Design of Gripper Base

As mentioned above, the topology optimization used
in [26] is sufficient for the gripper base so the design is
inspired from that. A new feature was added to the design
to complete the four-finger gripper base. Fig. 8 shows the
base design with finger installation points.

Fig. 8 Improved design of the lightweight gripper base.

IV. RESULTS AND DISCUSSION

The bending phenomenon can be observed in the FEM-
simulated deformations in Fig. 9. The bending of the finger
shows that the tip of the finger moves around 37 mm from
its original position. This is what was mentioned earlier
about the flexibility of the finger to increase the grasping
ability of the gripper. Compared with [26] results the
finger flexibility in this paper is highly competitive. The
stress results are shown in Fig. 10. It is clearly shown that
the stress values of the finger are 32 MPa, which is slightly
higher than its counterparts in [26]. The stress value of the
finger is still relatively low compared to the yield stress of
the material used in printing PLA. Fig. 10 displays stress
values obtained after validating candidate point 3
mentioned in Table II. The difference in stress values is
due to the different mathematical solutions generated by
the response surface method and the solution method used
in the static structural workbench of the Ansys software.
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Fig. 9. Bending simulation of adaptive finger (mm).
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Fig. 10. Stress distribution in adaptive finger (MPa).

When the gripper base structure is subjected to force
equal to the reaction from the finger structure at the fixing
points an equivalent stress and deformation will appear.
Fig. 11(a) shows the total deformation of the gripper base.
The maximum value is 0.06324 mm which is
infinitesimally small compared to the base size.
Fig. 11(b) shows the equivalent stress on the base. The
value of the stress is 3 MPa, which is a very small value to
exert a risk on such a base. We conducted weight
measurements on the design, revealing a final mass of
10 g.

@
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(b)

Fig. 11. Gripper base simulation results. (a) total deformation on the
base. (b) stress distribution on the base.

In terms of technological accuracy, the suggested
lightweight adaptive gripper makes use of advanced
response surface optimization techniques, which are
increasingly recognized for their accuracy in optimizing
multi-objective engineering problems. Compared to
classic topology optimization methods, as highlighted in
recent works [26], this methodology allows for a more
extensive investigation of the trade-offs between
deformation and mass, resulting in a design that is both
flexible and lightweight. Furthermore, the use of ANSYS
tools, such as Response Surface Methodology (RSM) and
Design of Experiments (DOE), propels this study to the
forefront of computationally driven design techniques. In
comparison, current research on robotic grippers, such as
Elangovan et al.’s multi-modal adaptive gripper [27],
displays similar innovation by focusing on
reconfigurability and flexibility. Unlike prior research,
such as Sun et al. [26], where the adaptive gripper weighed
180 g and handled a payload up to 8.8 kg, our design,
however, achieves a significant mass reduction to 10 g
while maintaining a maximum deformation of 37 mm.
These comparisons demonstrate how well the suggested
optimization strategy works, providing a reliable and
lightweight solution appropriate for a variety of uses. For
even wider applicability, future versions might incorporate
more performance indicators like durability and energy
economy.

The optimization problem in this work is to create an
adaptive lightweight robotic gripper with minimum mass
and maximum deformation using response surface
optimization techniques. However, the proposed
approach’s uniqueness and effectiveness must be
highlighted by using advanced optimization approaches
and conducting a theoretical comparison with current
studies. Nguyen et al. [33] created a formation control
technique that employs reinforcement learning,
demonstrating the potential to optimize complex systems
utilizing adaptive control  procedures.  Similarly,
Chen et al. [34] used actor-critic learning for adaptive
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optimal formation control, stressing robust optimization
with assured performance, which is theoretically
consistent with our goal of robust and efficient gripper
design. Furthermore, Tran et al. [35] investigated a Model
Predictive Control (MPC) technique, which shows
substantial promise for regulating autonomous systems
under various constraints and provides insights into
constraint-handling mechanisms. Saenrit and
Phaoharuhansa [36] use modified Gaussian potential
functions for obstacle avoidance, demonstrating the
adaptability of optimization strategies to obtain precision
in dynamic contexts. Finally, Van et al. [37] created a
hierarchical sliding mode control model that provides a
framework for ensuring stability and precision in systems
with multiple degrees of freedom. These studies serve as a
comparative backdrop to our methodology, highlighting
how response surface optimization provides a structured
way to achieving optimal trade-offs, as illustrated by the
trade-off curve in Fig. 6 Incorporating these
methodologies and studies not only emphasizes the
importance of optimization strategies, but also lays the
groundwork for future advancements in adaptive gripper
design.

V. CONCLUSION AND FUTURE WORKS

In response to the need for soft grippers capable of
handling objects of various sizes without complex
mechanisms or additional components, this paper presents
an innovative and lightweight design for an adaptive
gripper. During the design process, ANSY'S software was
used to enhance the bending performance of the gripper by
optimizing its response surface characteristics. The
discussion will focus on the suggested design process, the
efficiency of the optimization process, and any potential

consequences.
An overview of optimization techniques, such as
response surface optimization and 3D topology

optimization were the first steps in the design process.
Response surface optimization aims to obtain the optimal
combination of input parameters to achieve a specific
desired outcome. The optimization approach in this study
was aided using ANSYS software tools including
Response Surface Methodology (RSM) and Design of
Experiments (DOE). Initial parameters were generated
from prior research and examined to see how they affected
the flexibility and stress of the finger structure to develop
an adaptable finger design. The most sensitive parameter
is to_u (thickness of the outer frame), impacting
deformation and stress, which was emphasized on the
response surface created by the research. To further
improve the design, more factors were subsequently added
to the optimization process. An illustration of the trade-off
between deformation and mass was derived using response
surface optimization. The selection of an ideal design was
based on candidate locations obtained from the response
surface analysis to maximize deformation while reducing
mass. Additionally, topology optimization from prior
research served as inspiration for the gripper base design,
which included additional characteristics to complete the
four-finger gripper base.
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In summary, our study developed a novel procedure
utilizing the response surface method which produces a
modified design for a lightweight adaptive gripper. The
optimization method made it possible to pinpoint the ideal
settings for improving the gripper’s ability to bend. The
suggested design met the objectives by increasing
deformation and decreasing mass. The trade-off curve
showing the link between mass and deformation provided
conclusive proof of the success of the optimization
procedure. Candidate points were found by carefully
examining the response surface, which allowed the best
design to be chosen. The final mass of the design is 10 g
which is relatively low compared to other designs found in
literature.

In response to the increased demand for creative
solutions in robotics and automation, our research
successfully provided an inventive and lightweight
adaptive gripper design that was refined using advanced
optimization techniques. This paper now shifts its focus to
the horizon of future possibilities, diving into new research
avenues and practical applications that can expand on our
fundamental work. One is to examine the possibility of
incorporating the adaptive gripper into robotic systems for
applications such as pick-and-place activities in
manufacturing, logistics, or healthcare. Investigating
issues of human-robot interaction, such as safety and
usefulness will improve the value of the gripper. Explore
the use of innovative materials, such as shape-memory
alloys or composites, to improve the gripper’s flexibility,
strength, and durability, and conduct material testing and
characterization to ensure that the materials are suitable for
the gripper’s components will improve the quality of the
gripper. In our future works, we plan to conduct
experimental testing to validate the simulation findings,
assess the gripper’s performance in real-life applications,
and further investigate its capabilities for handling objects
of varying sizes.

A. Limitations

While the proposed design has substantial advantages in
terms of lightweight structure and increased flexibility,
several limitations must be mentioned. For starters, while
PLA material is inexpensive and widely available for 3D
printing, it may not provide adequate durability under
prolonged or harsh loading conditions, possibly limiting its
application in heavy-duty industrial environments. Second,
the optimization approach is primarily concerned with
deformation and mass reduction; other aspects, such as
thermal stability or wear resistance, are not explicitly
addressed. Furthermore, the study is presently being
evaluated using simulations, and real-world testing is
needed to establish the gripper’s performance in a variety
of operational circumstances. Future research should
investigate alternative materials, increased performance
standards, and experimental validation to solve these
limitations.

B. Future Scopes

The proposed adaptable lightweight gripper provides
numerous options for future research and development.
One viable approach is to use innovative materials, such as

236

carbon-reinforced composites or shape-memory alloys, to
improve durability, flexibility, and overall performance
under different environmental conditions. Furthermore,
incorporating sensing technologies such as force sensors
or tactile feedback systems could improve the gripper’s
precision and adaptability, especially for delicate
operations in industries such as healthcare or electronics
production. Another potential option is the creation of
multi-functional grippers capable of doing tasks other than
simple object manipulation, such as assembly or
inspection. Expanding the optimization criteria to
incorporate energy economy, thermal resistance, and
fatigue life can broaden the gripper’s applications. Finally,
real-world experimental testing and deployment in
industrial automation scenarios would give useful insights
regarding real performance and guide further refinement
of the design.
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