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1. Introduction 

In recent years, there has been a widespread appli-

cation of micro/meso devices in fields such as robotics [1], 

micro/nano manipulation [2], and precision engineering [3]. 

These devices are characterized by their small size, suscep-

tibility to damage, intricate assembly processes, and unpre-

dictable performance. To address these challenges, compli-

ant mechanisms have emerged as a suitable mechanism con-

cept. 

A compliant mechanism is defined as a mechanism 

that leverages the elastic properties of materials to transmit 

forces or displacement from one point to another. When de-

signing microgrippers, a monolithic structure produced 

through compliant mechanisms is highly favoured. Various 

techniques have been employed in the design of compliant 

mechanisms, including mechanism synthesis [4,5], the 

Pseudo Rigid Body Model (PRBM) [4], optimization tech-

niques [6,7], inverse methods [8], and intuitive gripper de-

sign [9]. These approaches contribute to overcoming the 

complexities associated with micro/meso devices, enhanc-

ing their reliability and performance. Recent research efforts 

have focused on integrating compliant mechanisms into the 

design of forceps, specifically for robot-assisted applica-

tions that demand precise manipulation [10]. M.B. Hong has 

presented a forceps design with two degrees of freedom, 

employing a kinematic approach that involves synthesizing 

a model with dual torsional springs [11]. 

Enhancing the performance and efficacy of both 

traditional and robotic surgical methods now requires the re-

finement of surgical equipment [12–13]. Numerous studies 

have demonstrated that compliant mechanisms contribute to 

more successful surgical procedures, as they necessitate less 

setup and are easier to sterilize [14]. Various investigations 

have focused on the development of forceps or grippers with 

unique designs, actuation techniques, or control methods. 

Traditional rigid link mechanisms, utilizing multiple rigid 

components and joints to transmit motion from input to out-

put, are commonly employed for forceps creation. While 

conventional forces are consistent and robust, they exhibit 

limited accuracy and precision in movements. Additionally, 

adapting them to micro sizes for application in minimally 

invasive surgery (MIS) leads to increased complexity and 

laborious efforts [15]. 

The utilization of topology optimization has been 

widespread in research for the design of forceps. Kota et al. 

[14] propose the application of topology optimization to 

craft a compliant gripper tailored for positioning and manip-

ulating kidneys during robot-assisted surgery. The develop-

ment of three-dimensional topology optimization was es-

sential for designing multifunctional forceps capable of both 

grabbing and cutting activities [16]. Libu introduced a top-

ologically optimized multipurpose gripper con-structed in 

three separate pieces, later assembled to form the final prod-

uct [17]. De Lange, D.J., et al. [18] employed topology op-

timization to create a laparoscopic grasper featuring a highly 

compliant negative-stiffness compensating mechanism with 

force feed-back. Additionally, an origami-based compliant 

grip-per with four degrees of freedom (DOF) was devel-

oped, generating translational and rotational motions, in-

cluding twisting capabilities [19]. Notably, only a limited 

number of studies have integrated force sensing capabilities 

into compliant surgical forceps, particularly within robotic 

surgical systems. The precise measurement of force during 

surgical procedures is crucial for ensuring controlled manip-

ulation and avoiding damage to soft tissues. Tholey et al. 

[20] introduced a laparoscopic compliant grasper that can 

measure force in three directions, comparing both direct and 

indirect measurement methods. While integrating sensors 

into surgical instruments adds complexity and challenges to 

sterilization, accurate force measurement is essential despite 

potential error accumulation. In addressing these chal-

lenges, Zhao and Nelson [20] proposed a novel approach 

using motor current for force sensing in a tool-tissue inter-

action concept. This method demonstrated satisfactory re-

sults in terms of time delay and accuracy, paving the way 

for haptic feedback-based robotic surgical systems that re-

main compatible with existing sterilization methods. Some 

cable-actuated forceps utilize indirect force sensing, esti-

mating force based on cable pretension and employing dy-

namic techniques with an unscented Kalman filter [21]. Alt-

hough these methods provide feedback on tissue properties, 

their accuracy is limited by factors such as grasper model 

precision, deviation measurement, signal transmission dis-

turbances, and other elements. An alternative approach in-

volves the use of a traditional fin ray design with modified 

rigid nodes to estimate intrinsic force sensing without tactile 

sensors. Experimental techniques employing this design 

demonstrated an error rate within 8% [22]. This innovative 

method offers a potential solution to the challenges associ-

ated with accurate force measurement in surgical proce-

dures. 

This study aims to employ a two-phase design ap-

proach for the development of compliant mechanical for-

ceps. The distributed compliant mechanism is achieved 

through the application of a topology optimization tech-

nique, effectively eliminating stress concentration points in 

the initial conceptual design. The thickness of the forceps is 
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subsequently deter-mined by parameterizing these concep-

tual designs. To create a comprehensive prototype, the final 

design is fabricated, incorporating the handle. The direct 

measuring approach is considered the most accurate method 

for determining mechanical properties. To assess the grip-

ping power during operation, a dedicated sensor system has 

been devised for quantifying the forceps' performance. 

2. Design of Microgripper 

Designing a microgripper poses a significant chal-

lenge due to the intricate nature of handling objects at the 

micron level with precision. Traditional rigid-body mecha-

nisms become impractical at this scale, as they are challeng-

ing to manufacture, handle, and assemble. Consequently, 

the adoption of compliant-based mechanism design emerges 

as a more suitable approach for micron-scale grippers. Com-

pliant mechanisms can be categorized into partially compli-

ant and fully compliant mechanisms, depending on the na-

ture of the members involved. Partially compliant mecha-

nisms incorporate rigid mechanical members and conven-

tional joints in conjunction with flexible elements. On the 

other hand, fully compliant mechanisms exclusively consist 

of flexible members that achieve mobility through elastic 

deformation. Compliant members enable elastic defor-

mation by concentrating strains in specific regions or by dis-

tributing strains more uniformly throughout the structure. 

This design choice enhances the feasibility and effective-

ness of microgrippers, providing the necessary flexibility 

and precision required for handling objects at the micron 

scale. 

2.1. Topology optimization 

Topology optimization is a logical approach that 

improves material distribution within a predefined initial de-

sign area, considering specified loading and boundary con-

ditions. The aim is to achieve a desired objective function 

without the need for predefined configuration, as is the case 

with the kinematic approach involving rigid link mecha-

nisms. The initial design domain, illustrated in Fig. 1, is 

structured according to the dimensions of forceps used in 

Minimally Invasive Surgery (MIS) and open surgery. 

 

Fig. 1 Initial design domain with pattern of holes 

The left top corner of the design domain is con-

strained with all degrees of freedom, the input force Fin is 

applied at the bottom of the left side edge and symmetric 

boundary conditions are applied at bottom edge of the de-

sign. The output force (Fout) is assumed to be acting on the 

tip of the jaws of the gripper. The finite element model of 

the initial design domain is developed by discretizing the 

domain into 150 numbers of elements horizontally and 50 

numbers of elements vertically.  

The optimized design obtained through this 

method, when applied to the same loading and boundary, 

results in a lumped mass design. This configuration is sus-

ceptible to stress concentration, posing a risk of design fail-

ure. To address this issue, a distributed compliant mecha-

nism is desired. To achieve such a mechanism, a pattern of 

holes is incorporated. In the initial design domain, it is as-

sumed that no materials are present in these holes. Fig. 1 

depicts an exaggerated model. There are approximately thir-

teen holes in the model, which restricts the local distribution 

of materials. This configuration enables material distribu-

tion through the gaps, resulting in the creation of distributed 

compliant mechanisms. 

The formulation of the topology optimization 

problem involves expressing the objective function [4], as 

shown in equation (1). In the perspective of a static topology 

optimization problem, the goal is to ascertain the optimal 

material distribution within a structure. This optimization 

aims to enhance a specific objective function while consid-

ering given loads and support conditions, all while adhering 

to a predetermined volume constraint (reducing volume by 

70%). In the present research, the primary objective func-

tion is to maximize the ration of Mutual Strain Energy 

(MSE) to total strain energy of input and output loads. 
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where {U} represents global displacement vectors, {F} rep-

resents global force vectors, [K]  represents global stiffness 

matrix {uel} represents an element displacement vector due 

to Fin at input port, [ke] represents stiffness matrix of the el-

ement {ue2} represents an element displacement vector due 

to Fout at output port, x represents vector of design variables, 

xmin is the minimum relative densities (in the MATLAB pro-

gram, non-zero value has been assumed to avoid singular-

ity), N is the number of elements, p is the penalization power 

(typically p = 3), V(x) represents the material volume, Vo is 

the design domain volume, f is the volume fraction (volfrac). 

The topology optimization code executed using 

MATLAB software [3], with necessary modifications ap-

plied to the existing code. The outcome, after 264 iterations, 

is depicted in Fig. 2, showcasing a topologically optimized 

design. In contrast, Fig. 3 illustrates the optimized result 

without a pattern of holes. The comparison between the two 

figures distinctly reveals that in the absence of holes, the de-
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sign exhibits as a lumped type of mechanism. The introduc-

tion of a pattern of holes in the initial design imposes con-

straints on the grouping of a larger number of elements. 

Consequently, this leads to the emergence of a distributed 

compliant design. This distributed mechanism not only en-

hances manufacturability but also mitigates stress concen-

tration spots, contributing to the creation of a simplified de-

sign. 

It is noteworthy that the process of converting the 

MATLAB output to a CAD model requires human interven-

tion. Fig. 2 exposes certain regions where the material is not 

distributed densely; rather, it appears as disconnectivity or 

thin connectivity. These shortcomings, however, can be rec-

tified through human intervention, guided by engineering 

insight. The intervention process aids in addressing issues 

such as disconnectivity and thin connectivity, thereby refin-

ing the overall design output. This nuanced approach en-

sures that the final design aligns more closely with engineer-

ing principles and requirements. 

 

Fig. 2 Topologically optimized results with pattern of holes 

 

Fig. 3 Topologically optimized domain without pattern of 

holes 

2.2. Design of thickness 

In the development of planar mechanisms, topol-

ogy optimization is often employed to optimize material dis-

tribution within a given space. However, determining the 

appropriate thickness of components for specific applica-

tions is crucial. This paper introduces a novel approach us-

ing parameterization to find the optimal thickness within a 

defined range. ANSYS Workbench is utilized for conduct-

ing para-metric analyses, enabling the automatic solution of 

various thickness values to identify critical points, trends, 

and key design parameters. The forceps' thickness is treated 

as a variable parameter in the optimization process. The pri-

mary objectives are to minimize equivalent stress and max-

imize output deformations, enhancing overall performance 

and efficiency. The optimization problem considers con-

straints such as boundary and loading conditions, ensuring 

practical feasibility and functionality of the mechanism. 

Through systematic manipulation of the thick-ness 

parameter and examination of the resulting stress and defor-

mation outcomes, the suggested approach facilitates a thor-

ough comprehension of the intricate relationship between 

thickness variations and mechanical performance. This de-

tailed analysis offers valuable insights into the design do-

main, assisting in identifying optimal thickness values that 

achieve a harmonious equilibrium between structural integ-

rity and the intended deformations in the planar mechanism. 

 

a 

        

b   c 

Fig. 4 FE Models: a – parametric model, b – equivalent 

stress, c – total displacement 

The contour plot of the finite element analysis for 

various optimal parameter is depicted in Fig. 4, a (refer to 

Table 1). In contrast to a flexure-hinged-based compliant 

mechanism, the equivalent stress at Fig. 4, b is uniformly 

distributed. Fig. 4, c reveals that the maximum total defor-

mation occurs at the tip of the forceps, indicating that the 

kinematic configuration is effective and ensures that the 

maximum output occurs at the tip. 

Table 1 

Table of design points 

Sl No: Optimize 

-1, 

mm 

Optimize 

-2,  

mm 

Force,                 

N 

Equivalent 

Stress, MPa 

Deformation, 

mm 

1 0.6 5 25 229.65 0.59083 

2 0.9 5 25 221.49 0.38246 

3 0.8 5 25 194.79 0.44218 

4 0.7 5 25 202.85 0.51247 

5 0.6 5 25 229.65 0.59083 

6 0.5 5 25 218.01 0.67139 

7 0.6 4.75 25 242.53 0.62263 

8 0.6 4.5 25 256.75 0.65795 

9 0.6 4.25 25 272.52 0.69744 

10 0.6 4 25 290.02 0.74183 

11 0.6 3.75 25 309.86 0.79218 

12 0.6 3.5 25 332.27 0.84971 

 

In the parameterization process, 12 design points 

are extracted for the variable thickness, ranging from 3 to 

5 mm with a 0.25 mm interval. The thickness range is se-

lected based on commercially available forceps. Table 1 

presents the equivalent stress and maximum deformation of 

the finite element model for these 12 design points. From 

these values, 0.6 mm for part 1 and 4 mm for part 2 are iden-

tified as optimal for the current product. It is noteworthy that 
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if the thickness is less than 3 mm, stress increases drasti-

cally; hence, analysing below this thickness is deemed un-

necessary. 

Fig. 5 illustrates the final product, featuring three 

holes designed for attachment to a handle or any standard 

fixture. The portable attachment incorporates an adjustable 

mechanism in the propeller to achieve the necessary linear 

travel. It is designed to be compact enough to be easily held 

in one hand. 

 

Fig. 5 Final design of forceps 

3. Experimental Investigations 

The objective of this experiment is to explore the 

structural capabilities of the recently introduced compliant 

forceps. Output displacement is assessed through a vision 

system, while a flexible pressure sensor is employed to 

gauge the gripping force during contact. The compliant for-

ceps are crafted using the wire EDM technique (Electrical 

Discharge Machining) with exceptional precision. Fig. 6 il-

lustrates compliant forceps crafted from medical-grade 

stain-less steel 304, which has undergone post-processing 

for refinement.  

Fig. 7, a and b illustrates the block diagram and ex-

perimental setup designed for assessing the output defor-

mation of the microgripper. The setup involves creating a 

specialized stage to secure both piezo actuators and compli-

ant forceps. This stage is securely affixed to an adjacent 

stage. A USB cable establishes a connection between the 

servo controller and the PC, facilitating communication 

with the piezo actuator. 

3.1. Evaluation of deflection for the gripper 

For real-time observation of the gripper's motion 

during operation, a high-resolution camera, integrated with 

the microscope, is linked to a computer. The collected im-

ages are then analysed using the micro measurement  

 

Fig. 6 Compliant forceps prototype 

 

a 

 

b 

Fig. 7 Experimental analysis: a – block diagram, b – exper-

imental setup 

software embedded in the microscope. This comprehensive 

arrangement enables precise monitoring and evaluation of 

the microgripper's performance. 

The piezo actuator exhibits a maximum input dis-

placement capability of 15 mm when subjected to an applied 

voltage. The resulting displacement of the microgripper is 

observed through a microscope, as illustrated in Fig. 8. Sub-

sequently, the micro measurement software is employed to 

measure the captured images of the initial and actuated 

states. Fig. 9 visually represents the output displacement at 

the gripper's tip across different input displacements. Nota-

bly, the alignment between the outcomes obtained from fi-

nite element analysis and experimental analysis is evident, 

highlighting a concurrence between the theoretical predic-

tions and the practical observations. 

3.2. Gripping force measurement of jaws 

The development of a compliant mechanism de-

sign involves a focus on estimating gripping force during 

manipulation. An experimental investigation is conducted 

to ascertain the gripping force, as depicted in Fig. 10. In this 

scenario, a gripper is utilized to grasp a rigid object, and 

during the gripping process, the thin jaw undergoes deflec-

tion. The images captured before and after gripping are an-

alyzed, and motion is quantified using software, as demon-

strated in Fig. 11. Before clamping, the gap between the 

jaw’s measures 1.67 mm, and after clamping, it increases to 

1.69 mm. 

Numerical analysis has been employed to antici-

pate the reaction force acting on an object, closely resem-

bling the gripping force. From image-based measurements, 
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the observed deflection is recorded at 0.02 mm. Concur-

rently,   employing   the beam equation yields   a calculated 

 

Fig. 8 Output image 

 

Fig. 9 Output displacement of gripper 

 

Fig. 10 Experimental set up 

 

Fig. 11 Jaw gripping action initial and activated position 

gripping force of 0.3447 N. To validate these findings, a Fi-

nite Element Method (FEM) study is conducted. The FEM 

analysis reveals a reaction force of 0.3547 N, as depicted in 

Fig. 12. Correspondingly, the maximum deflection in this 

FEM study is estimated to be 0.024 mm. 

 

Fig. 12 Force reaction on the rigid object 

The deflection analysis for an applied force is con-

ducted using a Microscope-XY stage setup, where the final 

prototype is affixed to the XY stage using a mechanical 

clamp. The deflections are quantified through microscopic 

measurements and organized in Table 2. In particular, when 

examining Table 2, the numerically obtained deflection for 

a grip-per with a 0.6 mm thickness for part 1 and a 4 mm 

width for part 2 is 0.74183 mm, corresponding to an input 

force of 25 N, or an input deflection of 0.125 mm. 

For the assessment, approximately 5 iterations 

were carried out on the fabricated gripper. Notably, the com-

parison between numerical predictions and experimental re-

sults, as presented in Table 2, reveals a variation of less than 

1%. This minute difference is attributed to meticulous con-

siderations such as mesh studies and the careful selection of 

finite element method (FEM) elements. Attention to detail 

in these aspects has resulted in a negligible deviation be-

tween the numerical and experimental outputs, underscor-

ing the accuracy of the evaluation process. 

Table 2 

Experimental vs numerical output displacement 

Sl 

No: 

Input 

dis-

place-

ment, 

mm 

Numerical 

output dis-

placement, 

mm 

Displace-

ment from 

microscope, 

mm 

Percentage 

variation 

1 0.125 0.74183 0.734967 0.925144575 
2 0.125 0.74183 0.735698 0.826604478 
3 0.125 0.74183 0.734976 0.923931359 
4 0.125 0.74183 0.734956 0.926627394 
5 0.125 0.74183 0.734933 0.929727835 

3.3. Integration of force sensor  

A force measurement system has been designed to 

quantify gripping force, with its magnitude directly corre-

lated to tissue stiffness. The circuit block diagram, depicted 

in Fig. 13, comprises essential components, including an 

Analog-to-Digital Converter (Microcontroller), a Flexible 

Pressure Sensor, a display board, and a potentiometer. The 

chosen Analog-to-Digital Converter for the system is the ST 

Microelectronics NUCLEO-F072RB, a 32-bit microcon-

troller. This microcontroller is configured with a 12-bit An-

alog-to-Digital Converter (ADC) capable of accurately 

measuring voltages as small as 0.8 million volts. The de-

tailed specifications of the NUCLEO-F072RB can be found 

in Table 3. 

The pressure sensor employed in the system is a 

flexible sensor with a thickness of 0.24 mm and a sensing  
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Table 3 

Specification of analog-to-digital converter 

Product Attribute Attribute Value 
Manufacturer of Part: STMicroelectronics 

Category of Product: 
Development Boards & Kits - 

ARM 
Series: NUCLEO - F072RB 
Core: ARM Cortex M0 
Interface Type: USB 
Data Bus Width: 32 bits 
Operating Supply Voltage: 3.3 V 

 

Fig. 13 Circuit block diagram 

 

Fig. 14 Measuring system 

diameter of 4 mm. The sensor's specifications are outlined 

in Table 4. To provide a user-friendly interface and display 

the relevant information, a 16 x 2 LCD Display with Blue 

Backlight, as depicted in Fig. 14, is utilized in the system. 

In summary, the force measurement system incorporates a 

sophisticated setup with a powerful microcontroller, a flex-

ible pressure sensor, and a clear display, enabling accurate 

and efficient measurement of gripping force in relation to 

tissue stiffness. 

The LCD display records sensor output voltage 

corresponding to different input displacements of the grip-

per. Concurrently, Finite Element Analysis (FEA) was con-

ducted to analyze and quantify the re-action force observed 

at the tip of the gripper's jaw. Fig. 15 illustrates the plotted 

values of sensor output voltage in Volts against reaction 

force in Newton. By analyzing the curves, it becomes evi-

dent that there is a direct proportionality between the sensor 

output and the reaction force. 

Table 4 

Specification of the pressure sensor 

Product Attribute Attribute Value 
Actuation Force required 0.1 Newtons 
Force Sensitivity  0.1 – 10.02 Newtons 
Resistance on non-Actuation 10 M W 
Repeatability ±5.8 (50% load) 
Lifespan 1 Million cycle 
Device Rise Time Less than 3 microseconds 
Operating Temperature (°C) -30 to 60 
Clock-Speed 16 MHz 
Flash-Memory 32 KB 
Overall length 45 mm 
Overall width 7 mm 
Sensing area 4 mm 

 

Fig. 15 FEA reaction force and sensor output against input 

displacement 

 

Fig. 16 Calibration plot between sensor outputs against Re-

action force 

A detailed examination of the variation between 

the curves has been performed and graphically represented. 

The calculated variation curve distinctly demonstrates that 

the reaction force maintains a consistent proportionality to 

the sensor output. This variation, depicted graphically, falls 

within the range of 85% to 87%, indicating a stable relation-

ship. The curve, essentially horizontal, underscores the reli-

ability of the experimental results, signifying a consistent 

and predictable correlation between sensor output and reac-

tion force. The measured reaction force during gripping 

serves as an indication of the gripping force. 
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Fig. 16 depicts the relationship between sensor out-

put and the reaction force obtained from Finite Element 

Analysis (FEA). This curve, shown in Fig. 16, is utilized for 

calibrating the instruments. The equation for determining 

gripping force in terms of voltage is expressed as follows: 

 2 0 1467 0 0091  with    0 9907y . x - . R .= = , (2) 

where, y represents gripping force in N, x represents sensor 

output in V. 

4. Conclusion 

This project focuses on the development of an in-

novative gripper or forceps with the added capability of 

measuring gripping force. The key design principle em-

ployed is the utilization of a compliant mechanism, chosen 

for its ability to provide high precision and force feedback 

during manipulations. The design of the planar kinematic 

configuration is achieved through topology optimization, 

resulting in a distributed compliant mechanism. To enhance 

the precision and functionality of the gripper, parameteriza-

tion techniques are applied to determine the optimal thick-

ness of the device. This hybrid approach, combining topol-

ogy optimization and parameterization, represents a novel 

and effective strategy that has led to significant improve-

ments in the design. The designed gripper is not confined to 

theoretical concepts but is further developed into a practical 

handheld device. Manufacturing is carried out using the 

wire EDM (Electrical Discharge Machining) process, ensur-

ing the feasibility of the proposed design. 

A crucial aspect of the project involves the integra-

tion of a force sensor module directly into the gripper. This 

module allows for the measurement of gripping force in 

terms of proportional voltage. Calibration of the forceps and 

sensor system is conducted using Finite Element Analysis 

(FEA) results and an equation with a high coefficient of de-

termination (R2 = 0.9907), validating the accuracy and reli-

ability of the prototype. Beyond its gripping capabilities, the 

developed device holds promise as a significant tool for 

medical applications. In addition to conventional testing 

methods such as CT (computed tomography) or MRI (mag-

netic resonance imaging) scans, this de-vice serves as a sec-

ondary tool, providing additional valuable information 

about tissues during manipulation. This dual functionality 

positions the prototype as a versatile and indispensable in-

strument in various fields, particularly in medical contexts 

where precision and real-time feedback are critical. 
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A NEW TWO-PHASE DESIGN PROCESS FOR A 

COMPLIANT MECHANISM GRIPPER 

S u m m a r y 

Precision industries focus on achieving high accu-

racy and controllable motion in the structural design of com-

ponents. Compliant mechanisms have emerged as a pre-

ferred choice among researchers, as they enable motion 

without relying on traditional joints. These compliant mech-

anisms, lacking hard junctions, facilitate the construction of 

microscale devices. This study introduces a novel two-phase 

de-sign methodology for compliant mechanism forceps, 

aiming to eliminate high-stress areas by employing a distrib-

uted compliant mechanism. The forceps design incorporates 

topological optimization with a new approach to create a 

distributed planar design. The introduction of a design do-

main with a pattern of holes restricts single point contact 

formation and promotes the formation of a distributed com-

pliant mechanism. A parameterization technique is imple-

mented to transition from conceptual design to a functional 

working design. The compliant forceps design is rigorously 

evaluated through finite element analysis (FEA) based on 

structural considerations. The research culminates in the de-

velopment of a handle-equipped microgripper prototype. 

Experimental verification showcases the gripper's perfor-

mance, revealing a variation of less than 3% compared to 

numerical results. An integrated force sensor measures grip-

ping force, and the results are compared with the reaction 

force estimated through FEA. This comprehensive approach 

to compliant mechanism forceps design and evaluation con-

tributes valuable insights to the field of precision industries. 

Keywords: compliant mechanism, forceps, topology opti-

mization, flexure hinges. 
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