
 INTERNATIONAL JOURNAL OF INTEGRATED 
ENGINEERING 
ISSN: 2229-838X     e-ISSN: 2600-7916 
 

IJIE 
Vol. 16 No. 6 (2024) 285-293 
https://publisher.uthm.edu.my/ojs/index.php/ijie 

   
 

This is an open access article under the CC BY-NC-SA 4.0 license. 

 
 

Optimizing Bionic Prosthetic Finger 3D Topology Design 
and Comprehensive Testing of Fully Compliant 
Mechanisms 
Shrishail B Sollapur1*, Mangesh Y Dakhole2, Shubham R. Suryawanshi3, 
Nitisha Achmelwar4, Vishnu Vijay Kumar1*, Suriani Abu Bakar5,6 

1  Department of IIAEM, Faculty of Engineering and Technology,  
JAIN (Deemed to be University) Bengaluru, Karnataka 560069, INDIA 

2  Department of Mechanical Engineering, PES's Modern College of Engineering,  
Savitribai Phule Pune University, Pune-411005, Maharashtra, INDIA 

3  Department of Mechanical Engineering,  
MET's Institute of Engineering, Nashik, SPPU, Pune, INDIA 

4  Department of Mechanical Engineering,  
DJ SANGHVI College of Engineering, Mumbai, Maharashtra 410206, INDIA 

5  Nanotechnology Research Centre, Faculty of Science and Mathematics,  
Universiti Pendidikan Sultan Idris, 35900 Tanjung Malim, Perak, MALAYSIA 

6  Department of Physics, Faculty of Science and Mathematics,  
Universiti Pendidikan Sultan Idris, 35900 Tanjung Malim, Perak, MALAYSIA 

 
*Corresponding Author: shrishail.sollapur@gmail.com, vishnu.vijay@u.nus.edu  
DOI: https://doi.org/10.30880/ijie.2024.16.06.027 

Article Info Abstract 
Received: 13 June 2024 
Accepted: 24 November 2024 
Available online: 29 December 2024 

Compliant mechanisms, with their cohesive structure and adaptable 
motion, are well-suited for creating prosthetic digits that closely mimic 
the functionality of human fingers. However, designing flexible 
prosthetic fingers is challenging because traditional assumptions based 
on rigid-link systems do not translate well. This study presents an 
innovative 3D structure optimization approach for designing prosthetic 
fingers that are compatible with biological systems. The suggested 
method, carried out in MATLAB, allows for quick production of these 
fingers through the use of selective laser sintering technology. A design 
example is presented, utilizing load testing and finite element 
simulations to effectively validate the realized finger's bending 
capability, clarifying the framework's implementation. The refined 
fingers demonstrate promising potential for integration into prosthetic 
hands in future endeavors, enabling intricate, gripping actions akin to 
the human hand. 
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1. Introduction 
Accidents or planned operations to stop the spread of infections frequently lead to hand amputations. Various 
prosthetic hands and fingers have been designed to restore hand function [1-3]. Rigid-link systems, such as the 
DLR Hand II or the Delft Cylinder Hand, which provide stability and robustness, are typically used in prosthetic 
fingers. A cosmetic prosthetic hand was produced using a 3D scanner as part of some studies on 3D printing [4-
6]. However, rigid-link devices have drawbacks, such as difficult installation and upkeep needs. These constraints 
are addressed by compliant methods, which rely on elastic deformation [7-8]. For instance, a cable-driven 
continuum-based hand and a tendon-driven compliant thumb [9-11] mimic natural hand characteristics. 
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Nevertheless, portraying flexible fingers is difficult because of the consequences of these processes. To create 
compliant fingertips, researchers have suggested topology optimization [12-14] and 3D printing [15-16]. This 
research presents a unique design approach for compliant prosthetic fingers with 3D topology optimization 
motivated by biological evolution. Realized fingers have flexible bionic shapes as shown in Figure 1[17-19]. The 
outline is implemented in MATLAB [20-21], enhancing the performance of the designs by integrating with 3D 
printing and optimizing the efficiency of the code. 
Through this innovative methodology, optimized compliant prosthetic fingers can be rapidly manufactured, 
addressing the shortcomings of traditional rigid-link systems while closely replicating the intricate motions and 
gripping abilities of the human hand.  As these techniques continue to evolve, they have the potential to 
significantly improve the lives of individuals with hand amputations by providing prosthetics that more closely 
mimic the capabilities of natural hands. 

 
Fig. 1 Bionic vs. biological finger mechanisms (a) 3D-optimized prosthetic finger; (b) Human finger tendon system 

 

2. Methodology 

2.1 Design Process 
The recommended design framework, detailed in Algorithm 1, begins by creating a 3D design domain for the 
prosthetic finger as shown in Figure 2, using a cuboid mesh of nx * ny * nz cubic elements. Boundary conditions, 
including actuation forces and bending orientations, are then established to define the expected objective function 
f(x) for the prosthetic finger.  

 
Fig. 2 3D cubic element mesh model 

 
At its heart, the process of creating a form involves 3D topology optimization, which repeatedly carries out 

3D finite element analysis to assess a set of predetermined goals. In every step, the distribution x, which shows 
the normalized density of materials over the design area, is gradually modified through a method of updating. 
After the optimization reaches a point of convergence, further postprocessing methods are used, leading to the 
creation of a working 3D-printed prosthetic finger. This approach integrates advanced computational methods 
with additive manufacturing to create optimized prosthetic fingers that balance performance and 
manufacturability. 
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Algorithm 1 The design framework for the 3D topology optimization workflow 

 

2.2 The 3D Topology Optimization Method Algorithm is as Follows 
The main goal of the suggested 3D topology optimization method is to explore a roughly solid-vacuum density 
distribution x across the 3D design space, with the goal of maximizing the movement of a selected output point 
Pout. To create the voxel model x, a MATLAB matrix with size (nx, ny, nz) is used. The following is how the goal 
function is stated: 
 

𝑀𝑀𝑀𝑀𝑀𝑀(𝑥𝑥) = 𝑓𝑓(𝑥𝑥) = 𝐿𝐿𝑇𝑇 × 𝑈𝑈 = 𝑢𝑢𝑜𝑜𝑜𝑜𝑜𝑜            (1) 

 
 

 
In this context, U represents the displacement vector that encompasses all the nodes within the design area, 

while L serves as a vector that separates the output displacement from U. The magnitude of the resulting finger is 
limited by the volume fraction factor, represented by the variable c. A 3D finite element analysis (FEA) employs 
the global stiffness matrix K and the global load vector F to calculate U. However, x is not directly linked to the 
stiffness matrix K, we add x into FEA using  𝐸𝐸𝑒𝑒 = 𝐸𝐸0 × 𝑥𝑥𝑒𝑒

𝑝𝑝 , where E0 represents the material's elastic modulus at 
full density and p is a penalty parameter [22]. The optimization problem is solved iteratively by updating x. The 
associated updating process may be described using Algorithm 2. In the above procedure, m denotes the step-by-
step preset limit of movement for xe, and δ denotes a damping factor. To preserve the numerical stability of x, 
these two parameters are introduced. 

Once the necessary convergence criteria are satisfied, a distribution of x that is very nearly solid vacuum (1-
0) is achieved. The marching cubes method [23] is employed to generate an iso-surface from the x distribution in 
the postprocessing phase, thereby producing a 3D representation of the actual prosthetic finger. In the end, the 
computed finger model may be used for 3D printing, allowing the development of prototypes for testing and 
assessment. 
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3. Illustrative Design Model 
In this part, the creation and examination of a prosthetic finger designed to be compatible with bionic technology 
are shown to demonstrate the application and assessment of the suggested framework for design. 

3.1 Analysis and Manufacture of a Finger 
Figure 3 shows the design specifications for the compliant finger in the context of creating a prosthetic finger. 
Notably, the design domain is cuboid with 100 × 25 × 15 cubic pieces, each with a size of 0.6 mm. The design 
process for the proposed prosthetic finger leverages symmetry to enhance efficiency. As shown in Figure 3, the 
correct side of the design area was identified as the symmetry line. This strategic choice allowed for the synthesis 
of only half of the finger within the initial design domain, with all boundary conditions mirrored accordingly. By 
exploiting this symmetrical property, the computational requirements were significantly reduced, streamlining 
the overall design and optimization process without compromising the integrity of the final prosthetic finger 
model. 
 

 
Algorithm 2 The iterative process for updating variable x follows this algorithm 

 
Fig. 3 Prosthetic finger design challenge 



289 Int. Journal of Integrated Engineering Vol. 16 No. 6 (2024) p. 285-293 

 

 

 
Fig. 4 3D topology optimization: x progression over 1000 iterations 

 
To model how the compliant finger would act, a force based on movement (Fa) was introduced into the test 

area, measured in millimeters (mm). This force's change in position is shown by the blue line in the illustration 
(uout). To mimic the friction experienced while holding objects with the finger joint and the point at the end, rubber 
springs (kobj = 0.85 N/mm and kout = 0.7 N/mm) were placed at the middle and end points in the x-direction. The 
green region outlines the point at which the structure is at rest. The compliant finger was created using selective 
laser melting (SLM), a process using polyamide, which behaves elastically in a linear way. The physical properties 
of the polyamide were chosen based on its characteristics, including the Young's modulus (E0) in 1700 MPa and 
the Poisson's ratio (v) at 0.28. Figure 4 shows how the displacement changes with time, reflecting the structure's 
development towards its completion.  

The objective function converged after 1000 iterations, with the maximum Uout reaching 12.014 mm, as 
depicted in Figure 5. Post-processing resulted in a symmetrical and cohesive bionic finger, shown in Figure 6a. To 
evaluate its flexibility, the finger was materialized through SLS. The prototype, presented in Figure 6b, 
incorporated a flange for secure attachment and subsequent actuation by a servo motor. 

 
Fig. 5 Iteration process 
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Fig. 6 Artificial finger: Surface model and SLS prototype 

 

3.2 Finite Element Analysis (FEA) Simulation of an Enhanced Finger Model 
A large-displacement in-depth analysis of the stress distribution within an actual bionic finger during bending was 
performed using finite element analysis (FEA) [24-25]. The bulk of the deformations and stress concentrations 
are uniformly distributed in the second half of the finger, as seen from an analysis of the simulation results 
displayed in Figure 7a. This distribution significantly contributes to the decrease in mechanical fatigue. The 
twisted form was further confirmed by the bent prototype, as shown in Figure 7b. 

4. Experimental Load Setup 
A test involving a payload was carried out to find out the duration of a manufactured finger's durability when it 
encounters an object. The compliant finger was attached to a base on the experimental apparatus depicted in 
Figure 8, enabling it to be flexed by a servo motor. Throughout the payload test, a system operated by sensors 
provided a steady force Ft at the tip of the finger as it was flexed by the force applied. To simulate the usual force 
applied by a human finger upon contact, Ft was set at 3 N. To determine how the touching force influenced the 
bending performance, the displacement din at the actuation point and the vertical displacement dout at the 
fingertip were both measured. For comparison, these measurements were also made without any application of 
contact force. 

Figure 9 depicts the outcomes of the experiment. Notably, ∆𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 increases in an almost linear manner with 
∆𝑑𝑑𝑖𝑖𝑖𝑖. In cases where no touch (star curve blue) and touch (plus curve red) were involved, the most significant 
change in ∆𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜  was approximately 2.8 mm, as observed at ∆𝑑𝑑𝑖𝑖𝑖𝑖 = 0𝑚𝑚𝑚𝑚 . This minimal discrepancy in ∆𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜 
highlights the stability and resilience of the fabricated compliant finger when subjected to normal touching forces. 

 
Fig. 7 Finger flexion: physical bending and FE stress analysis (7 mm displacement) 
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Fig. 8 Payload test setup: Force sensor measuring constant touch force 

 
Fig. 9 Fingertip displacement (dout) vs. input displacement (din), with and without Ft 

 

5. Conclusion 
This paper presents a design framework that employs 3D topology optimization to develop bionic prosthetic 
fingers. Building upon our previous research on 2D topology optimization for synthesis, we have expanded the 
approach to three dimensions. To validate the practicality of this method, we conducted payload tests and finite 
element simulations. The outcomes effectively showed the flexibility of the actual compliant finger. Moving 
forward, we plan to extend this framework to create compliant fingers in various sizes. Our goal is to integrate 
these custom-designed fingers into a prosthetic hand, enabling the execution of complex gripping motions. This 
work represents a significant step towards more functional and biomimetic prosthetic hand designs. 
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