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ABSTRACT

Background

This study presents a comprehensive finite element analysis (FEA) of a biomimetic robotic finger to evaluate its structural 
and dynamic performance when fabricated from two distinct materials: an aluminum alloy and a carbon-fiber composite.

Methods

Static structural and Modal analysis was conducted using two flexion-based load cases representative of typical and high-
grasp human finger postures.

Keywords: Robotic Finger; Finite Element Analysis; Composite Material; Structural Integrity; Modal Analysis; 
Lightweight Design

INTRODUCTION AND LITERATURE REVIEW

Biomimetics, practice of using building machines inspired 
from natural phenomena, biological systems and evolutionary 
principles. Human finger is one of the most optimized systems 
containing multiple degree of freedom, compliant grasp 
operations and finely distributed internal stress paths. Human 
finger is an engineering marvel that’s why engineers try to 
imitate it into robots as it provides great functionality. 
However, it is a complex engineering challenge to recreate 
human finger as a close knowledge of how the human hand 
operates assuming that all its parts (bones, tendons, ligaments, 
and soft tissues) interact in order to produce the fine motion 
and evocative interaction. The challenge to imitate such 
dexterity is quite an issue in engineering where the design 
panel would have to consider the joint kinematics, degree of

freedom, material compliance, load bearing behavior and
stability at different exerted forces [1,2]. Robotic fingers being
designed currently provides good motion driven performance
and efficient force transfer but extreme structural rigidity
prevent fingers adapting to irregular objects due to limitation
it lacks versatility in manipulation tasks [3].

In order to overcome current challenges of robotic finger
researcher have carried out investigations with the hierarchical
structure of the human finger, tendon-driven systems,
compliant sections, flex-pathways of actuation, and thin layers
of soft materials that can replicate the human force
distribution and enable fingers to better deform into the
surface of objects have been created [4,5]. This increase robotic
finger adaptability but simultaneously introduces nonlinear
deformation behavior, multifaceted material-structure
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Where, B is strain–displacement matrix, D is the 
constitutive matrix, T is the thickness of the element, and 
V is element volume.

Modal (Free-Vibration) Analysis

The Modal (Free Vibration) analysis is based on the classical 
equation of motion for a free, undamped structural system 
Equation 3:
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interactions and changing stress pathway, which must be 
subjected to rigorous mechanical assessment to guarantee 
reliability and durability [6].

In light of these challenges for robotic finger biomimetic design 
structural analysis becomes critical. Robotic fingers 
functionality is dependent on structures external load handling 
resulting without failure. Finite element modeling of structures 
helps in evaluating stress strain response of structure based on 
material, geometry, loading and boundary conditions [7]. 
Robotic finger design evaluation based on structural mechanics 
principles is widely adopted by researchers. In prosthetics, bio-
inspired designs improve comfort and reduce tissue stress by 
replicating natural load distribution [8]. Biomimetic load 
transfer is seen in rehabilitation exoskeletons to allow these 
robots to be safe, whereas nature-inspired geometries are used 
in industrial grippers to improve force distributions and 
minimize the wear that occurs when they come into contact [9]. 
Finite element analysis (FEA) tool is essential for structural 
evaluation of robotic fingers allowing designers to predict 
behavior of structure under operation scenarios before 
manufacturing.

Recent studies of robotic fingers are focused on merger of 
natural architectures with structural robust designs e.g. 
pneumatic actuators as a means to perform smooth 
deformation under load [10]. Detailed biomechanics of a 
human finger have been considered by others to provide stress-
related information about artificial counterparts [11-13]. All 
these works together emphasize the necessity of having the 
balance between mobility, adaptability and structural 
robustness within the single system of biomimicry.

Considering the fast rate of biomimetic robotic fingers 
evolution, structural, kinematic, and material-based design 
strategies are necessary in order to state development of a 
reliable and high-performance robotic manipulation system. 
The evolution of the development of the biomimetic robotic 
fingertips has been driven by numerous themes starting with 
the earliest researches on the biomechanics of the human 
fingers and the current research on how tendons can 
contribute to developing more complex biomimetic robotic 
fingers through the development of soft composite and hybrid 
biomimetic robots. Both studies show the relevance of 
structural analysis in forecasting mechanical response, 
optimizing material behavior, and efficiency of design.

Material optimization strategies are also widely discussed in 
literature. Simone have given a dynamic FE model of a finger 
driven by Ni-Ti shape memory alloy (SMA) wires and 
confirmed its performance on various geometric and actuation 
factors [14]. Their findings highlight the nonlinear and 
hysteretic behavior of SMA materials and the need for accurate 
structural coupling in FE simulations. Similarly, Biswal 
analyzed a five-finger underactuated robotic hand through a 
finite element analysis to determine stress, strain, and pattern 
of deformations in various materials, and show a choice of 
possible candidate materials to use to construct a robotic finger 
[15]. Chen presented a pneumatic soft robotic hand in the 
wave shaped contours, which demonstrated consistent bending 
behavior and better grasping capability proven by both FE 
models and experimental work [16]. Safvati optimized a
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composite finger, made of Fin Ray, with reinforced geometries 
and demonstrated that the grip force, load distribution and 
structural reliability increased significantly, with a 63% better 
gripping entity compared to baseline designs [17].

Increasing operational demand for robotic fingers requires 
lightweight, structural and dynamic stability. In previous 
studies, metallic and composite materials have been used for 
robotic fingers for improved stiffness enhancement, actuation 
efficiency, and grasping performance. Major studies have 
focused on geometry, boundary conditions and actuation 
strategies not focusing on material comparison. Fewer studies 
have carried out combined modal and static analysis for robotic 
fingers, and material optimization studies are a rarity. The 
current study addresses this gap by a FEA-based comparison 
between aluminum alloy and carbon fiber composite under 
same boundary conditions, geometric features and loading 
scenarios. This study evaluates material selection effect on stress 
distribution, deformation, and dynamic characteristics. This 
study is positioned as a study diverging in the area of material 
selection effect of biomimetic finger response.

MATERIALS AND METHODS

In this study, static and modal (vibrational) analysis of a 
biomimetic robotic finger were used to assess the structural 
integrity. Ansys Mechanical software was used to carry out this 
study. This section outlines the methodology and methods used 
to carry out this study. The flow of subsections is as below: 
Mathematical modelling, CAD development, Material 
properties, meshing and interactions, load and boundary 
conditions.

Mathematical Modelling

The Finite Element Analysis (FEA) method was employed to 
simulate the static and modal response of the biomimetic 
robotic finger. The mathematical models used for analysis are 
based on the standard matrix form of equilibrium equations 
commonly used in structural mechanics.

Static Structural Analysis

Finite Element modelling is governed by Hook’s Law as shown 
below in Equation 1:

�� = � (1)

In equation, K is the global stiffness matrix, u is the global 
displacement vector, and F is the external force acting on the 
respective nodal locations [18].

The element stiffness matrix is the cumulative of nodal stiffness 
obtained by Equation 2:

�� =
�

� ���� �� (2)



Figure 1: 3D CAD for biomimetic robotic finger

As shown in Figure 1 CAD model consisted of proximal, 

middle, and distal phalanges connected through joints depicting 
Metacarpophalangeal (MCP), Proximal Interphalangeal (PIP), 
and Distal Interphalangeal (DIP) joints as in a human 
finger. The robotic finger proportions and rotations were 
designed to mimic human finger motions during flexion, 
mimicking a human finger. The division of fingers into distinct 
sections enabled easier application of joint rotations and 
improved control over boundary conditions.

Material Properties

Material properties used for the analysis were sourced from the 
ANSYS Granta and supported by a review of existing literature 
on robotic hand structures and lightweight mechanisms [15]. 
Table 1 outlines the material properties used for the analysis of 
the robotic finger. The aluminum alloy offers excellent 
ductility, machinability, adequate stiffness, and high strength, 
making it suitable for components that require both formability 
and load-carrying capacity. The carbon-fiber composite, on the 
other hand, provides an exceptional strength-to-weight ratio 
and very high stiffness, making it ideal for lightweight yet 
structurally efficient designs.

It is acknowledged able that carbon fiber is anisotropic in 
reality, and isotropic modelling cannot capture the effect of 
directional stiffness, failure mechanisms, and interlaminar 
stresses of laminated composites. However, in present study 
carbon fiber was considered as an isotropic by using a first-
order approximation for structural and model assessment 
rather than detailed composite failure prediction based on 
literature [15]. While, future studies will discuss detailed 
anisotropic behavior, layup orientation, and composite-specific 
failure.

Property Aluminum Alloy Carbon Fiber

Density (kg/m³) 2770 1800

Young’s Modulus (GPa) 71 395

Poisson’s Ratio 0.33 0.2

Shear Modulus (GPa) 26.692 8

Table 1: Material properties utilized for analysis in ANSYS 
Workbench [15]

Meshing and Interactions

In order to validate the efficacy of the FEA results, a mesh 
sensitivity analysis was performed based on literature [20, 21]

guidelines and results are presented in Table 2. A global mesh
size of 1mm was used, which provided a balance between
computational efficiency and accuracy. To improve stress
resolution near joints, a sphere. To increase stress resolution
near joints by reducing the mesh size to 0.5 mm around PIP
and DIP joint regions, as shown in Figure 2.

Mesh Size (mm) Stress (MPa) Frequency (Hz)

Aluminum Carbon Fiber Aluminum Carbon Fiber

2.5 0.95 5.38 65.32 100.38

2 1.24 6.54 67.25 103.55

1.5 1.47 7.32 68.99 104.53

1 1.55 8.64 69.11 106.14

0.5 1.59 8.98 69.75 106.98

Table 2: Mesh Convergence analysis for robotic finger
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��� + �� = �

Where the sum of inertial forces (Mü) and elastic restoring 
forces (Ku) be zero as no external r damping force exists on 
system [19].

Assuming a harmonic motion leads to the standard 
eigenvalue problem as shown in Equation 4:

CAD Modeling

A three-dimensional CAD model of a robotic finger was 
developed using SolidWorks, ensuring accurate representation 
of the finger’s anatomical structure.

(� − �2�)ϕ = 0

While, M is a global mass matrix, ϕ is the mode shape vector
and d is the natural frequency.

(3)

(4)



Figure 2: Meshing control applied for robotic finger

The contact interactions were defined as Frictionless between 
phalanx surfaces to replicate the natural sliding behavior found 
in finger joints, and PIP and DIP joints were modelled with 
rotational constraints allowing controlled rotations 
corresponding to selected load cases, as shown in Figure 3. 
MCP joint was fixed to the anchor finger.

Figure 3: Implementation of frictionless contact and joint 
rotation to robotic finger

Load and Boundary Conditions

The load and boundary conditions for this study were selected 
based on a detailed review of biomechanical and robotic finger 
literature. Two flexion-based load cases are shown in Table 2. 
Each load case represents a different posture of the finger in a 
general use condition. Applying fingertip forces often results in 
convergence issues due to complex interactions, so joint 
rotations were used as the primary loading method. This 
approach is widely used in FEA studies of biological robotic 
joints due to the stable numerical performance, and it 
accurately encapsulates physiological finger movement. The 
first load case, LC 1 represents a moderate flexion of the finger 
where the PIP joint is rotated to 34° and the DIP to 
approximately 23°, maintaining a coupling ratio of 2:3. This 
configuration is consistent with the flexion posture reported by 
Peshin [22]. LC 2 load case represents a strong flexion during 
grasping motion in tendon-driven robotic fingers with PIP 
rotated to 60° and DIP between 40° and 45°, similar to flexion 
angles reported by Zhou [23]. Load cases LC 1 and LC 2 
capture both typical and near maximum functional flexion, 
allowing assessment of stress and deformation characteristics 
encountered by robotic fingers for both Aluminum and carbon 
fiber designs.

Load Case PIP Rotation DIP Rotation Flexion Level Purpose

LC 1 34° 23° Moderate Evaluate stresses under
typical-use conditions

LC 2 60° 45° High Represents a strong
grasping posture

Table 2: Load cases applied to the robotic finger for stress 
analysis [22, 23]

The MCP joint was constrained in all degrees of freedom for all 
simulation cases, serving as the fixed support for both stress 
and modal analyses. This assumption is consistent with robotic 
finger studies, keeping the proximal end of the finger anchored 
to the base or mounting assembly. This methodological 
framework helps to evaluate the robotic fingers' structural and 
dynamic behavior with high fidelity comparison between metal 
and composite materials. The boundary condition pictorial 
representation is shown in Figure 4.

Figure 4: Load and boundary conditions implemented for 
robotic arm analysis

RESULTS AND DISCUSSIONS

Stress Analysis Results

A finite element–based static analysis was performed on the 
biomimetic robotic finger to evaluate its structural response 
under typical flexion movements. Two load cases (LC1 and 
LC2), representing common human finger-flexion conditions, 
were applied to assess the deformation and stress behavior of 
the finger during routine operation.

Figure 5 presents the deformation contours for both load cases. 
The maximum deflection recorded for LC1 was 39.03 mm, 
while LC2 produced a larger deflection of 55.50 mm. These 
deformation results effectively illustrate the finger’s bending 
behavior under natural operating conditions. Similar 
deformation patterns were observed for both material 
configurations due to identical geometry and the 
predominantly rotational nature of the applied loading. 
However, differences in equivalent stress values emerged as a 
consequence of the distinct material properties of the 
aluminum alloy and carbon-fiber composite.

Figure 6 shows the equivalent stress distribution for LC1. The 
aluminum-alloy finger exhibited a maximum equivalent stress 
of 1.55 MPa, whereas the carbon-fiber finger reached 8.61 MPa. 
This difference is expected, as aluminum’s higher shear 
modulus allows for lower stress values due to the greater shear 
modulus, while the brittle nature of carbon fiber results in 
higher localized stress concentrations.
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Figure 5: Deformation plot for robotic finger for LC1 and LC2

Figure 6: Equivalent Stress plots for LC 1

Figure 7: Equivalent Stress plots for LC 2

Figure 8: Stress strain for both composite and metal material

Modal Analysis

To evaluate the dynamic behavior of both the aluminum and 
carbon-fiber robotic fingers, a modal analysis was carried out to 
determine their natural frequencies and corresponding mode 
shapes. Understanding these dynamic characteristics is crucial, 
as the robotic finger must operate without encountering 
resonance, which could lead to amplified vibrations, reduced 
performance, or even structural failure. Figure 9 illustrates the 
mode shapes of the robotic finger. Mode 1 and Mode 2 
correspond to low-frequency global deformation patterns 
typically bending for Mode 1 and twisting for Mode 2. The 
modal frequencies listed in Table 3 show that the aluminum 
finger exhibits natural frequencies of 69.11 Hz and 234.31 Hz 
for the first two modes, whereas the carbon-fiber finger shows 
frequencies of 106.14 Hz and 598.06 Hz. The higher modal 
frequencies of the carbon-fiber design indicate its greater 
stiffness and improved resistance to fundamental bending and 
twisting when compared with the aluminum finger. Higher-
order mode shapes involve more complex vibration patterns, 
such as localized bending (Mode 3) or higher-order flexural 
deformation (Mode 4). For these modes, the aluminum finger 
has natural frequencies of 819.74 Hz and 3556.2 Hz, while the 
carbon-fiber finger reaches significantly higher values of 2398.5 
Hz and 10,405 Hz. This order-of-magnitude increase from low-
order to high-order modes is typical for slender structures such 
as a robotic finger. Overall, the carbon-fiber finger 
demonstrates substantially higher stiffness and superior 
dynamic performance, with natural frequencies between two 
and three times greater than those of the aluminum finger 
across all mode shapes and consistent with the recent literature 
study that demonstrate composite material shows 2 to three 
time higher frequency as compared to metal [24].

Mode Frequency (Hz)

Aluminum Carbon Fiber

1 69.11 106.14

2 234.31 598.06

3 819.74 2398.5

Asim A, Shoukat S, Qaisar R, Zarzoor AK, Ullah N, et al

Under LC2 loading (Figure 7), both materials experienced 
elevated equivalent stress levels due to the increased rotational 
load angle. The aluminum-alloy finger reached a peak stress of 
2.13 MPa, while the carbon-fiber finger exhibited a higher value 
of 11.85 MPa. These results align with the higher bending and 
shear demands imposed by LC2 compared to LC1. Figure 8 
summarizes the stress–strain behavior of both materials 
under the two load cases. The aluminum finger required 
higher stress to achieve comparable deformation relative 
to the carbon-fiber finger. Although aluminum has a lower 
Young’s modulus, its higher shear modulus makes it better 
suited to withstand rotational and shear-dominant 
loading. Consequently, the aluminum-alloy configuration 
demonstrated superior performance under the applied flexion 
loads when compared to the carbon-fiber finger.The stress 
magnitudes for both materials remain way below typical 
yield or failure thresholds reported in the literature. Stress 
contours show structural response under identical 
kinematic loading conditions and do not highlight imminent 
material failure. Analysis highlights that both materials possess 
sufficient rigidity required for flexion motions, which is 
dependent on strong stiffness, mass and dynamic performance 
rather than static strength.
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Table 3: Mode shapes result for the metal and composite 
robotic finger

Figure 9: Mode shape contours for the robotic finger

Mass-Normalized Performance

Absolute stress and modal frequency comparisons, mass-
normalized performance provides a comprehensive comparison 
of material selection in biomimetic fingers. Mass normalization 
of carbon fiber fingers with mass makes carbon fiber more 
pronounced. Although aluminum fingers show lower absolute 
stress contours when normalized to mass make it an inferior 
alternative. Carbon fiber finger achieves higher natural 
frequencies at lower mass, indicating enhanced dynamic 
efficiency per unit weight. Mass normalization analysis 
highlights the superior structural and dynamic performance of 
the composite finger with a bare minimum mass penalty. A 
quantitative mass normalized matrix is beyond the scope of this 
study, observed trends favor composite design when 
performance is evaluated relative to material density 
reinforcement suitability for high-speed and precise robotic, 
manipulation tasks.

The results showed that the aluminum finger experienced 
significantly lower equivalent stresses (1.55–2.13 MPa) 
compared to the carbon-fiber finger (8.61–11.85 MPa), 
indicating superior performance under static loading. However, 
modal analysis revealed that the carbon-fiber finger possessed 
substantially higher natural frequencies across all mode shapes, 
with increases of two to three times relative to the aluminum 
design. These elevated modal frequencies reflect greater 
structural stiffness and improved resistance to vibration and 
resonance

CONCLUSIONS AND FUTURE RECOMMENDATIONS

In this study, a biomimetic robotic finger was evaluated under 
two load cases representative of everyday human finger use. 
Finite Element (FE) analyses both static and dynamic were 
performed to determine which finger design provides superior 
performance under these conditions. In the static analysis, the 
aluminum-based finger demonstrated excellent structural 
behavior, with maximum stresses of 1.55 MPa and 2.13 MPa for 
Load Cases 1 and 2, respectively. In comparison, the carbon-

fiber finger experienced higher stresses of 8.61 MPa and 11.85 
MPa, approximately five times greater than those of the 
aluminum design. Mass normalization of stress results showed 
that the aluminum finger had a lower absolute stress value but 
when considering mass made carbon fiber composite finger was 
a more suitable solution. However, the dynamic analysis 
revealed an opposite trend. The carbon-fiber finger exhibited 
superior resistance to vibration, characterized by delayed low-
mode and high-mode frequency responses (Mode 1: 106.14 Hz, 
Mode 2: 598.06 Hz). This indicates a stiffer dynamic behavior 
and an enhanced ability to withstand oscillatory loading.

In this study, a consistent numerical comparison of metallic 
and composite robotic finger designs was carried out to outline 
the impact of the material of structural stability of biomimetic 
fingers. Future studies will incorporate anisotropic composite 
modeling with explicit layup to influence effect of layup a fiber 
direction on stress distribution and dynamic response. 
Composite failure models, Tsai-Hill or Hashin, will be used to 
assess structural stability and mass normalization and energy-
based indicators will be investigated to further quantify 
stiffness-to-weight advantages. Finally validating study with 
experimental testing of finger prototypes.

Overall, although aluminum offered better stress performance 
under static loading, the carbon-fiber finger demonstrated 
markedly superior dynamic behavior, making it a more suitable 
material choice for robotic fingers operating in environments 
where vibration stability and dynamic robustness are critical.
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