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ABSTRACT 

In the present study, a prosthetic device is designed to function as a replacement for a missing limb. This 

device typically consists of suspension, liner, socket, pylon, and foot components. The research objectives 

are to design a pylon component for transtibial prosthetics by implementing auxetic metamaterials and to 

validate the performance of the designed pylon under quasi-static and dynamic conditions. The design and 

analysis processes were conducted with Finite Element Analysis (FEA), and its effectiveness was validated 

through experimental testing of the prototype pylon sample. In the design process, the pylon structure is 

formulated by rearranging the Two-Dimensional (2D) re-entrant hexagon model into a Three-Dimensional 

(3D) model. The design evaluation identified that the pylon exhibits a stiffness of 1404 kN/mm, 4680 

kN/mm, and 9360 kN/mm for the 0.3 mm, 1 mm, and 2 mm thick ligaments, respectively. It was found that 

a pylon with a 0.3 mm-thick ligament caused a deformation (S) of 0.53 cm during a single period of the gait 

cycle, while a 1 mm-thick ligament caused an S of 0.4 cm. It was also found from the S transition of the 

primary and secondary bends that a negative Poisson’s ratio occurred in the 3D model transformed from a 

2D re-entrant hexagon. 

Keywords-transtibial prosthetics; auxetic metamaterials; pylon structure; ligament thickness; gait motion 

I. INTRODUCTION  

Prosthetic devices are designed to replace missing or 
amputated body parts and play a crucial role in restoring 
mobility and function [1]. Prosthetic development has 
increasingly incorporated control systems to enable active or 
semi-active behavior, such as the use of electric motors and 
Magnetorheological (MR) dampers [2, 3]. Active systems 
allow real-time adjustment through sensors and actuators, while 
semi-active MR dampers offer adaptive performance by 
modulating flow resistance via an applied magnetic field, 
making them particularly suitable for impact loading conditions 
or variable stiffness (�) applications [4, 5]. Despite these 
advantages, such systems require onboard power sources [6] 
and often increase both manufacturing and maintenance costs. 
Other developments in prosthetic design have focused on 
improving comfort and functionality through passive 
mechanical solutions [7, 8]. In Below-Knee Amputation (BKA) 
prosthetics [7], innovation has primarily focused on the pylon, 
introducing internal stiffness and damping characteristics that 
enable energy storage and shock absorption. These 
improvements enhance biomechanical efficiency, reduce 
impact forces during walking, and improve the swing phase of 
gait. In contrast, research on Above-Knee Amputation (AKA) 
prosthetics [8] has emphasized socket design, employing 
combinations of rigid and flexible materials to improve 
pressure distribution, enhance user comfort, and reduce the risk 
of secondary musculoskeletal conditions such as scoliosis. 
Although these studies focus on different prosthetic 
components, the pylon for BKA and the socket for AKA, they 
collectively highlight the importance of integrating mechanical 
design, material selection, and ergonomic considerations to 
improve prosthetic performance and life quality for amputees. 

On the other hand, auxetic metamaterials can potentially be 
fine-tuned for specific functions within a purely mechanical 
system. In this system, components and sub-systems, such as 
springs or similarly behaving parts [9], act as actuators by 
storing input energy temporarily before releasing it as the input 
force recedes. A four-bar linkage mechanism has also been 
shown to provide a certain degree of motion to the prosthetics 
[10]. A more advanced design uses the foot itself to store and 
release energy, known as Energy Storage and Return (ESAR) 
[11]. For this design, carbon fiber is often chosen for its 

lightweight and high-strength properties. However, using 
carbon fiber affects manufacturing costs, leading to higher 
market prices and reducing accessibility for the general 
population. As an actuator for prosthetics, auxetic 
metamaterials have yet to be developed. Some implementations 
of auxetic metamaterials have been utilized for mechanical 
energy absorption in the foot component of a prosthetic device. 
Research has also focused on improving user comfort by 
applying auxetic metamaterials to the surface of the socket 
(interface part) of lower limb prosthetics [12]. Neither of these 
approaches uses auxetic metamaterials as an actuator; instead, 
they serve more as mechanical dampers to dissipate energy. 
This gap presents an opportunity for auxetic metamaterials to 
be used as actuators in prosthetics, especially in ESAR 
systems, due to their unique deformation behavior. It may be 
possible to replace springs with auxetic materials, given that 
the former exhibit a near-zero Poisson’s ratio and are more 
likely to deform axially than laterally.  

Metamaterials are a class of artificial materials with unique 
properties, combining their inherent material properties and the 
structure’s design [13]. Their properties, such as a negative 
Poisson’s ratio, which defines the negative ratio between lateral 
strain and axial strain, with a few exceptions, cannot be found 
in natural materials [14]. Metamaterials are classified according 
to their properties as optical (negative refraction index) [15], 
electromagnetic (negative permittivity) [16], thermal (negative 
thermal expansion) [17], acoustic (soundwave absorption) [18], 
and mechanical metamaterials [19]. Naturally occurring 
materials are likely to have a positive Poisson’s ratio value, 
contributed by the tendency to thin under tensile and expand in 
a lateral direction under compression. In contrast, auxetic 
metamaterials made from the same inherent material would 
tend to expand under tensile stress and contract inward under 
compression [20]. Auxetic metamaterials have been proposed 
and discussed as beneficial in protective devices, robotics, and 
the medical field [21-23] developments. The development of 
auxetic metamaterials is generally divided into three categories. 
The first and most common is developing a novel structure [24] 
and improving certain aspects of already developed structures, 
such as increasing � [25]. Secondly, research is specifically 
conducted to improve the quality of fabricating auxetic 
metamaterials [26]. The third category is research aimed at 
applying auxetic metamaterials to functioning tools, for 
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instance, the implementation of a honeycomb sandwich panel 
to improve ballistic protections or implementation on the foot 
part of lower limb prosthetics [27, 28]. The auxetic re-entrant 
ligament structure allows the stiffness of the pylon to be 
adjusted by changing the ligament thickness, providing 
adaptability to different user requirements. This feature can 
significantly enhance user comfort and accommodate different 
activity levels, which is often a limitation in conventional 
prosthetics. The negative Poisson's ratio exhibited by the re-
entrant auxetic structure enables increased deformation and 
effective energy dissipation during impact, especially during 
the gait cycle. This absorption is particularly beneficial for 
reducing peak loads transferred to the residual limb, enhancing 
the pylon’s shock-absorbing capability compared to traditional 
designs. These benefits are unique to auxetic metamaterials and 
address specific challenges in prosthetic design, contributing to 
improved comfort, functionality, and user satisfaction. 

Despite the growing number of studies exploring the use of 
auxetic metamaterials in rehabilitation applications, 
experimental validation of the performance of auxetic-based 
prosthetic devices remains limited. Accordingly, the primary 
technical contribution of this study is the design of a transtibial 
prosthetic pylon incorporating auxetic metamaterials, along 
with experimental validation of its mechanical performance. 
FEA is employed during the design process to address 
challenges associated with complex geometries and the lack of 
well-established constitutive models for metamaterials. The 
former provides an effective framework for investigating the 
mechanical behavior of auxetic structures, facilitating both the 
development of novel geometries and the evaluation of their 
performance within functional devices and systems. To address 
fabrication challenges associated with complex auxetic 
geometries, Additive Manufacturing (AM) techniques, 
specifically Fused Deposition Modeling (FDM), are utilized 
[29]. Although AM methods exhibit limitations in accurately 
reproducing the flexible behavior of auxetic metamaterials 
[30], these limitations can be assessed and mitigated through 
experimental testing, with key geometrical parameters 
informed by the FEA results. The specific aim of this work is 
to implement auxetic metamaterials as passive actuators within 
a novel transtibial prosthetic pylon. The proposed design is 
analyzed numerically using FEA and subsequently validated 
through experimental testing. In addition, the energy absorption 
performance of the auxetic pylon is compared with that of a 
conventional spring-based system. Finally, the study evaluates 
the practical feasibility of employing auxetic metamaterials as 
actuators in transtibial prosthetics and other rehabilitation 
devices. 

II. MATERIALS AND METHODS 

A. Pylon Design 

An ordinary transtibial prosthetic pylon typically consists of 
a single rigid cylinder shell, functioning as a physical 
connection between the socket and the foot part of a prosthetic. 
Due to its apparent rigidity, this design provides no force 
damping, leading to a total � behavior, making it 
uncomfortable for the user. An alternative design, known as a 
telescopic pylon, deals with this � by adding a spring at one 
end of the cylinder. This spring will provide the needed 

flexibility to dampen some of the reaction force exerted during 
usage. This design was also developed into a damper system by 
replacing the spring with a full fluid-based damper system. As 
expected, this design offers the most control over how much 
force is needed to dissipate the reaction force. However, the 
need for fluid within the pylon would require a higher 
complexity during maintenance. 

Figure 1 illustrates the geometries of the auxetic 
metamaterial structures considered in this study. The first 
configuration (Figure 1(a)) is derived from a planar 2D re-
entrant hexagonal structure that is transformed into a 3D form 
by radially arranging each ligament to function as a pillar [29]. 
The second configuration (Figure 1(b)) is based on a fully 3D 
re-entrant hexagon structure reported in [31], which exhibits a 
negative Poisson’s ratio in all principal directions. Inspired by 
this design, Figure 1(c) presents a modified orientation of the 
original re-entrant hexagon arranged into a radial 3D array, 
which forms the basis of the proposed auxetic structure. In 
conventional transtibial prosthetic design, the pylon typically 
consists of a rigid cylindrical component intended to maintain 
structural integrity during use. However, due to its high 
stiffness (�), such a design provides minimal energy 
absorption. To address this limitation, the proposed auxetic 
structure, shown in Figure 1(c), is incorporated into a novel 
auxetic metamaterial-based pylon, replacing the conventional 
rigid pylon, illustrated in Figure 2(a). The resulting pylon 
design, depicted in Figure 2(b), consists of three main 
components with a total length (�) of 10 cm. The design 
assumes a standard BKA, in which approximately 50% of the 
original limb length (assumed to be 20 cm) has been 
amputated. The upper component serves as the interface 
between the pylon and the prosthetic socket. Although a 
dedicated joint or connector may be included in future designs, 
the socket itself was not modeled in this study to ensure a flat 
surface suitable for experimental testing. In addition to 
providing socket attachment, the upper component maintains 
alignment of the structure by incorporating slots for inserting 
the ligaments of the middle component. The latter functions as 
the primary load-bearing element and accommodates the 
auxetic structure. It comprises eight bent ligaments oriented at 
a specified angle and positioned between the upper and lower 
components. The lower component mirrors the design of the 
upper component by providing corresponding slots for 
ligament insertion. Furthermore, it includes a central shaft 
designed to limit ligament displacement (S) and prevent 
structural collapse under excessive loading. A spherical feature 
at the top of the shaft matches the diameter of the hole in the 
upper component, ensuring proper alignment and stability 
during operation. 

 

   
(a) (b) (c) 

Fig. 1.  Examples of metamaterial-based structures: (a) design parameters 
of the reoriented 3D re-entrant hexagonal unit cell, (b) design model of the 
modified 3D re-entrant structure, and (c) the proposed modified re-entrant 
hexagon arranged in a 3D radial configuration. 
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(a) (b) 

Fig. 2.  Proposed auxetic pylon design placement: (a) a schematic of the 
transtibial prosthetic, (b) the geometries along with the indication for upper, 
middle, and lower components. 

Compared to conventional designs, the proposed pylon 
provides flexibility like that of a telescopic pylon, enabling 
damping through structural deformation while offering a 
simpler manufacturing process than spring-based systems. 
Unlike fluid-based pylon dampers, which can achieve high 
efficiency but require complex components and maintenance, 
the proposed design maintains mechanical simplicity and ease 
of maintenance. From a mechanical perspective, the pylon can 
be idealized as a single-degree-of-freedom spring system, in 
which each ligament within the middle component functions as 
an individual spring element, as illustrated in Figure 3(a) and 
further simplified in Figure 3(b). In this configuration, the 
auxetic bowtie structures primarily deform through the 
rotational motion of their arms about a central node. This 
rotation induces effective stretching or compression of the 
structure in response to an applied load. When a tensile force 
(�) is applied, the arms of the bowtie rotate outward, producing 
a vertical displacement (Δ�) and a corresponding horizontal 
displacement (Δ�). For small rotation angles, the resulting 
horizontal strain (ϵₓ) can be approximated as: 

�� � ∆	
	      (1) 

The vertical strain (ϵy) correlates with the ϵx due to 
Poisson’s effect: 

�
 � ∆�
�      (2) 

where L is the length of the bowtie, and W is its width. 
Then, the effective Young's modulus (�
��) can be expressed 
by the correlation of the stress-strain. The applied stress (�) in 
the vertical direction correlates to the force and the cross-
sectional area (A) that is defined by the W and the thickness (t): 

� � �
�     (3) 

� � �
��	�     (4) 

Thus, the �
 due to the rotation of the arms could use (2) by 
assuming that the rotation angle (�) is small. Then ∆L≈Lθ. � 
was the geometric factor that accounts for the amplification due 
to the auxetic structure. This factor can be derived based on the 
specific geometry of the bowtie, but for simplification, it was 
assumed to be constant: 

�
�� � ��
     (5) 

The �
�� is the ratio of the � to the effective strain: 

�
�� � �
����

     (6) 

�
�� �
�

��
�∆�

�
� ��

��	∆�    (7) 

Given that ∆L=Lθ: 

�
�� � �
��	      (8) 

By assuming a specific correlation for � in terms of the � 
and geometric parameters, we can further simplify and assume 
that � is proportional to �, then: 

� � !�     (9) 

�
�� � "
�#�	     (10) 

where α is the geometric amplification factor, and β is the 
constant relating � to �. The � of a structure is a measure of its 
resistance to S under �. For 2D auxetic metamaterials with a 
bowtie structure, � can be modeled by considering its 
geometric configuration and how it deforms under �. Thus, 
using the force-displacement correlation, the equation for � 
could be expressed as: 

� � �∆�     (11) 

To determine �, the correlation between � and the 
displacement was required to take into consideration the 
geometry of the bowtie. Δ� correlates with Δ� and � 
(∆L≈L∆θ). Thus, the rotational stiffness (��) could be 
expressed as: 

� � � ∆�     (12) 

� � � 
∆�
�      (13) 

�� depends on the properties and geometry of the material. 
Therefore, for small S:  

� $ %&'
(      (14) 

where, �) is the Young’s modulus of the base material, * is 
the moment of inertia of the arms of the bowtie, and + is the 
distance from the center of the rotation to the point where F 
was applied. + is approximately half the � of the bowtie (�/2). 
The * for a rectangular A is: 

* � �	,
"-      (15) 

The correlation between the �
�� of the 2D auxetic bowtie 
metamaterial and the base material's �) is given by (16). Then, 
the equation for k is given by: 

�
�� � %&	.
/�      (16) 

� � %&�	,
/�.      (17) 

Or: 

� � %����	
�      (18) 
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(a) (b) 

Fig. 3.  Schematic configuration and geometry: (a) the proposed design 
configuration from the sides, (b) the simplified diagram illustrating the 
arrangement of the pylon and its ligaments. 

B. Material Consideration 

Based on the assumption that the ligaments in the middle 
component function as spring-like elements, an appropriate 
material with high elasticity and strength was required. 
Accordingly, high-carbon spring steel plate grade SK5 was 
selected for the ligaments. In contrast, the upper and lower 
components were fabricated from Polylactic Acid (PLA), 
chosen for its low weight and compatibility with AM 
techniques, particularly FDM. The PLA components were 
manufactured using a Creality® Ender-3 printer with an infill 
density of 30% [31]. This infill density was selected to balance 
structural strength and lightweight performance. The 
mechanical properties of PLA are summarized in Table I [31].  

TABLE I.  MECHANICAL PROPERTIES OF PLA 

Mechanical properties  Parameters 

Density (g/cm3) 1.24 
Young’s modulus (MPa) 3420 

Poisson’s ratio 0.3 
Elongation at break (%) 4.2 

TABLE II.  MECHANICAL PROPERTIES OF SK5 SPRING 
STEEL 

Mechanical properties  Parameters 

Young’s modulus (GPa) 208 
Yield strength (MPa) 1240 

 
Fig. 4.  Schematic and photograph of ASTM E8 pin-loaded specimen. 

To accurately characterize the mechanical behavior of the 
SK5 spring steel used in the ligaments (Table II), tensile testing 
was conducted in accordance with [32], using a pin-loaded 
specimen geometry. The testing setup and specimen 
configuration are displayed schematically and photographically 
in Figure 4. The resulting mechanical response is presented in 
Figure 5 in terms of force–displacement (Figure 5(a)) and 
stress–strain (Figure 5(b)) relationships. 

 

 
(a) 

 
(b) 

Fig. 5.  Results of tensile testing in terms of: (a) force-displacement and 
(b) stress-strain. 

C. Experimental Validation 

The FEA results were experimentally validated by testing a 
physical prototype under identical loading conditions (Δ� = 4 
mm). The prototype fabrication was carried out in three stages: 
manufacturing the upper and lower components, fabricating the 
middle ligament component, and assembling the complete 
pylon. For the upper and lower components, 3D models were 
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created and exported in Standard Tessellation Language (STL) 
format for slicing using Ultimaker® Cura 5.3. These parts were 
then produced via FDM-based 3D printing. Following 
fabrication, the printed components were inspected for 
dimensional accuracy and surface defects. Minor fitting issues, 
such as surface roughness, were corrected through sanding. 
Attention was given to ensuring smooth sliding contact 
between the inner surface of the upper component and the 
spherical head of the lower shaft, to prevent frictional effects 
from influencing the experimental response of the ligaments. 
The middle component ligaments were fabricated by cutting 
rectangular profiles from SK5 spring steel plates with 
thicknesses of 0.3 mm, 1 mm, and 2 mm, enabling a 
comparative evaluation of stiffness (�) across different 
ligament thicknesses. Each ligament was then bent at a 40° 
angle at its center to form the auxetic configuration. Assembly 
of the pylon was performed by aligning the shaft of the lower 
component with the corresponding hole in the upper 
component, followed by inserting the ligaments into the 
designated slots in both the upper and lower parts. The 
ligaments were secured using a plastic steel adhesive applied to 
the slots to ensure firm attachment. The fully assembled 
prototype is shown in Figure 6. During the design phase, 
alternative joining methods were considered, including welding 
the ligaments to the upper and lower components in a manner 
analogous to a tubular vehicle chassis structure [33]. However, 
this approach was deemed undesirable due to the additional 
weight it would introduce. Consequently, welding was omitted, 
provided that the adhesive-bonded joints between the PLA 
components and the steel ligaments remained structurally 
intact. 

 

 
Fig. 6.  Photograph of sample prototype for the proposed pylon design: (a) 
0.3 mm, (b) 1 mm, (c) 2 mm. 

The prototype was experimentally validated using an FEA 
model of a quasi-static press, namely a universal testing 
machine. The maximum total reaction force was measured 
utilizing a load cell during the compression procedure. A total 
of three samples were tested for validation. 

D. Simulation Procedure 

Geometrical models were first generated and then exported 
as Initial Graphics Exchange Specification (IGES) files into 
Ansys® Workbench. The contract definition of each part 
within the pylon assembly was defined based on the type of 

connection fabricated for the prototype. The fixed connection 
of ligaments and upper and lower parts was modeled as bonded 
connections to define a permanent connection between their 
surfaces. Meanwhile, the contact between the inner face of the 
ligaments and the surface of the lower shaft, along with the 
connection of the upper hole and the lower shaft, was defined 
with a frictional contact coefficient of 0.2. Following the 
contact definition, the model was meshed. Considering the 
priority of focusing on the behavior of the middle part 
compared to the other parts while also limiting the 
computational burden, a rather coarse value of 6mm was 
chosen for the upper and lower mesh elements. In comparison, 
considering the need to model the behavior of the middle part 
accurately, a mesh convergency analysis was conducted by 
varying the mesh element size with an identical model (t=0.3 
mm), boundary condition (force load=686.6 N), and tracking 
its maximum Δ� starting with a coarse value of 1 mm and 
getting smoother until stabilizing at 0.3 mm (Table III) and 
compared in Figure 7. Based on the mesh convergence 
analysis, the resulting maximum Δ� stabilized at element 
size=0.3 mm, as shown by the minimum difference compared 
to 0.4mm. The general boundary condition for each simulation 
was defined as fixing the bottom surface of the lower part, 
limiting the displacement on the X and Z axes for the upper 
part, and defining the load on the top surface of the upper part. 
The complete simulation procedure, including the contact 
definition, meshing, and boundary conditions, is illustrated in 
Figure 8. 

TABLE III.  RESULTS OF THE MESH CONVERGENCE 
ANALYSIS OF THE LIGAMENTS OF THE MIDDLE PART 

Element size Number of elements Max. displacement 

1 5262 -4.407 
0.9 5982 -4.4889 
0.8 6910 -4.4977 
0.7 7966 -4.4789 
0.6 9582 -4.4755 
0.5 11742 -4.4827 
0.4 17038 -4.474 
0.3 27310 -4.472 

 

 
Fig. 7.  Mesh convergence analysis results tracking the maximum vertical 
displacement with varying mesh element size over the number of elements 
within the model. 
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Fig. 8.  Simulation procedure (FEA analysis) from model generation, 
contact definition, meshing configuration, and boundary condition (from left 
to right) 

E. Case Definition 

Two usage conditions for the pylon were simulated to 
analyze their behavior and performance during body weight 
bearing and during gait conditions. For body weight bearing, a 
load based on an assumption regarding the patient's body 
weight was defined on top of the upper part at 70 kg or 686.6 
N. The weight was simulated in quasi-static conditions with 
linear loading. Meanwhile, the gait simulation condition was 
based on experimental conditions tracking the ground reaction 
force of five patient samples over time at a walking rate of 1.58 
m/s, as illustrated in Figure 9 [34]. This gait behavior model 
was chosen because of its representation in terms of body-
weight ratio rather than plain force. This, in turn, made it 
possible to assume a desirable body weight as required. The 
gait was divided into four stages: the loading response, 
midstance, terminal swing, and pre-swing. 

 

 
Fig. 9.  Body weight ratio over time during gait of a patient walking with 
the rate of 1.58 m/s. 

III. EXPERIMENTAL VALIDATION 

Experimental testing, along with an equivalent simulation 
process, was conducted, with the results depicted in Figure 10. 
The results were compared in terms of reaction force over 
displacement. To quantify the difference in value, the error 
between the simulation and the experimental results can be 
calculated as: 

Error � 01X2exp3X2FEA4
X2exp 0    (19) 

Error � 0.069 � 6.96%   (20) 

As portrayed in Figure 10, the experimental results exhibit 
good agreement with the FEA predictions, as evidenced by the 
similar trends in the force–displacement curves. The 
discrepancy between the experimental and numerical results 
was quantified as 6.96%. During the experimental testing, 
Digital Image Correlation (DIC) was employed to measure 
both axial and transverse displacements (S), which were 
subsequently compared with the corresponding FEA results 
(Figure 10). These displacement measurements were then used 
to calculate the Poisson’s ratio of the system using the 
formulations presented above.  

 

 
Fig. 10.  Comparison of FEA and experimental results for validation. 

 
Fig. 11.  Comparison of FEA and experimental results for validation in 
terms of the Poisson’s ratio observed over axial strain during testing. 

A comparison of the experimentally measured and 
numerically predicted Poisson’s ratios is illustrated in Figure 
11. Figure 12 demonstrates that the deformation behaviors 
observed experimentally closely match those obtained from the 
simulations. The deformation response can be divided into two 
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distinct stages. The first stage, referred to as the primary 
bending phase, is characterized by a reduction in the initial 
bend angle of the ligaments. This deformation continues until 
the ligaments meet the surface of the lower shaft. Upon contact, 
further deformation at the initial bend is constrained, triggering 
a second deformation stage, referred to as the secondary 
bending phase. 

 

 
Fig. 12.  Deformation comparison between experimental (right) and 
simulation results (left). 

A. Body Weight Case 

FEA was performed to simulate quasi-static load-bearing 
conditions for pylons with varying ligament thicknesses (:). 
The resulting force–displacement and stress–strain responses 
are presented in Figures 13 and 14, respectively. As shown in 
Figure 13, the pylon with a ligament thickness of 0.3 mm 
exhibited the largest displacement (4.47 mm) and the lowest 
reaction force (354.45 N). This indicates that the 0.3 mm-thick 
ligament effectively reduced the applied ground reaction force 
by 51.6%, relative to the input load of 686.6 N through 
structural deformation. In contrast, pylons with ligament 
thicknesses of 1 mm and 2 mm showed minimal displacement 
and no appreciable reduction in reaction force compared to the 
applied load. Figure 14 shows that the 0.3 mm-thick ligament 
also experienced the highest stress levels. This behavior is 
attributed to the reduced cross-sectional area (A), as described 
in (4), where a smaller area subjected to a constant load results 
in higher stress. Additionally, stress fluctuations were observed 
in the 0.3 mm-thick ligament due to localized stress 
concentrations arising from the contact with the lower shaft and 
the onset of secondary bending deformation, as illustrated in 
Figure 15. 

Based on the force-displacement curve, the energy 
absorption capacity of each variation can be calculated as the 
Area Under the Curve (AUC) or mathematically written based 
on the force integral method, where F defines the force over the 
S as: 

Energy Absorbed � ; � =>   (20) 

The energy absorption during the simulation was then 
calculated and compared for each t variation (Figure 16). The 
0.3 mm-thick ligament yielded the highest energy absorption. 
This aligns with the hypothesis that the pylon would be able to 
absorb energy by deforming. The structure would absorb more 
energy the more it deforms [23]. In terms of the Poisson’s ratio, 
all t variations demonstrated a negative Poisson’s ratio as 
expected from an auxetic structure (Figure 17).  

 
Fig. 13.  Comparison of FEA results in terms of force reaction over axial 
displacement for 0.3 mm, 1 mm, and 2 mm of ligament thickness. 

 
Fig. 14.  Comparison of FEA results in terms of stress over axial strain for 
0.3 mm, 1 mm, and 2 mm of ligament thickness. 

 
Fig. 15.  The observed secondary bending mechanism was found on the 
ligament and stress concentration during contact with the lower shaft. 
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This also confirms that the negative Poisson’s ratio of the 
original 2D model would remain, even if the design had been 
rearranged into a 3D model in a radial pattern. From Figure 17, 
it can also be seen that the 2 mm-thick ligaments experienced 
the highest average negative Poisson’s ratio. To further analyze 
the actual Poisson’s ratio of each t variation, a comparison of 
the Poisson’s ratio over its axial strain was conducted (Figure 
18). Although the 2 mm-thick ligaments experienced the 
highest average Poisson’s ratio, the latter was caused by the 
minimum axial strain. It could be seen from the trend that the 
Poisson’s ratio would rise as its axial strain increased. Thus, it 
can be argued that if the S was equal for each t, the Poisson’s 
ratio value would not differ significantly. Table IV provides the 
� coefficients for the pylons. 

 

TABLE IV.  STIFFNESS COEFFICIENT FOR SYSTEM AND 
INDIVIDUAL LIGAMENT OF VARYING LIGAMENT 

THICKNESS 

Ligament thickness (mm) Stiffness coefficient (kN/mm) 
0.3 1404 
1 4680 
2 9360 

 

 
Fig. 16.  Energy absorption for each ligament thickness variation. 

 
Fig. 17.  Average Poisson’s ratio for each thickness variation. 

 
Fig. 18.  Poisson’s ratio over axial strain for each thickness variation. 

B. Gait Simulation Case 

A gait simulation was conducted to analyze the behavior of 
the proposed pylon under gait conditions. For comparison, a 
similar study was conducted experimentally to define the effect 
of different � on the behavior of the Shock-Absorbing Pylon 
(SAP) [24]. The � of the proposed pylon (Table IV) was then 
compared with commercially available SAP. The SAP is a 
modular prosthetic component specifically designed to reduce 
impact forces. Unlike traditional rigid pylons, SAPs can 
compress to absorb, return, or dissipate energy. It has been 
demonstrated that using a SAP can enhance comfort and reduce 
residual limb pain for lower-limb prosthesis users. While it is 
known that the longitudinal stiffness of a SAP influences gait 
kinematics, kinetics, and the overall work done by the lower 
limb, the energetic contributions of the prosthesis and intact 
joints have not been thoroughly investigated. The SAP design 
in the comparison performed in the present study aimed to 
evaluate how SAP stiffness and walking speed affect the 
mechanical work contributions of the prosthesis (comprising all 
components below the socket), knee, and hip in individuals 
with transtibial amputation. The referenced study provided data 
on mechanical work during the prosthesis' positioning and 
pylon compression phases at various stiffness levels and 
walking speeds, serving as a benchmark for assessing 
performance throughout the full gait cycle. The gait behavior of 
the proposed design and the standard SAP was evaluated under 
normal and rigid specifications, as illustrated in Figure 19 [6]. 
The auxetic pylon with a 1-mm-thick ligament exhibited 
significantly stiffer behavior than the normal SAP. This 
observation is consistent with the stiffness coefficient �, as the 
normal SAP shows a larger displacement >under the applied 
gait forces. Furthermore, the auxetic pylon with a 0.3-mm-thick 
ligament demonstrated an even greater deviation from the 
normal SAP, exhibiting a behavior that closely resembles that 
of a rigid SAP. 
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Fig. 19.  Deformation comparison between the proposed Auxetic Pylon and 

the referenced SAP pylon with equivalent force applications. 

Figure 20 depicts a more detailed breakdown of the gait 
simulation results of the auxetic pylon with a 0.3 mm-thick 
ligament. The gait cycle starts with a loading response, 
indicated by initial contact or heel strike (1), and this stage 
continues until the weight is fully loaded on the leg (2). By the 
end of the loading response, the � of the pylon decreased to 9.5 
cm from its original 10 cm. In the next stage, as the weight was 
distributed more evenly, the � of the pylon retracted gradually 
as the force reaction decreased until it started the terminal 
stance (3). During the terminal stance, the � of the pylon was at 
its lowest (9.43 cm) during heel off (4), and then gradually 
decreased as the leg commenced its swing phase until all the 
weight was released as the leg was no longer in contact with 
the ground (5). The � of the pylon returned to its original � of 
10 cm. 

 

 
Fig. 20.  Force over pylon length during gait simulation for 0.3 mm and 1 
mm of ligament thickness. 

Based on the data regarding the correlation between force 
reaction on both the energy absorption and reaction force 
(Figures 13 and Figure 16), it was gathered that the amount of 

S provided by the proposed design would dampen some of the 
reaction force and, in turn, absorb the exerted energy during a 
vertical press loading. A similar condition was also applied 
during gait, wherein as the person walks, the pylon will endure 
some form of S. By this assessment, the same behavior of 
energy absorption and reaction force damping was also 
expected. This result sufficed to compare that the proposed 
design would be able to function similarly to a telescopic 
pylon. Further research is needed for clinical assessment. 

IV. CONCLUSIONS 

In this study, a novel design methodology for a transtibial 
prosthetic pylon incorporating an auxetic metamaterial 
structure was developed and evaluated through both numerical 
simulations and experimental testing. In conventional 
prosthetic design, pylons are typically solid or tubular 
components, and damping characteristics are not explicitly 
considered. Instead, damping is usually provided by the 
prosthetic foot or by additional devices such as viscous 
dampers. In contrast, the proposed design integrates structural 
strength and damping functionality into a single pylon 
component. The design process consists of three main sections: 
an upper part that interfaces with the socket, a middle part that 
serves as the primary load-bearing region, and a lower part that 
connects to the prosthetic foot. The auxetic metamaterial was 
initially designed using a Two-Dimensional (2D) re-entrant 
hexagonal unit cell and subsequently transformed into a Three-
Dimensional (3D) configuration. This resulted in eight 
ligament-like structures positioned between the upper and 
lower sections of the pylon. The performance of the proposed 
pylon was evaluated under two loading conditions, considering 
key parameters such as body weight and gait motion. The FEA 
results showed strong agreement with the experimental 
measurements, with a maximum deviation of 6.96%, thereby 
validating the accuracy of the numerical model. In addition, 
DIC confirmed the axial and transverse strain distributions 
observed during experimental testing. Experimental validation 
of the prototype pylon demonstrated the effectiveness of the 
proposed design methodology. Among the configurations 
tested, the pylon with a 0.3-mm-thick ligament exhibited the 
largest displacement (4.47 mm) and the lowest reaction force 
(354.45 N), corresponding to a 51.6% reduction in ground 
reaction force relative to the applied load of 686.6 N. This 
configuration also showed the highest energy absorption 
capability, attributed to its significant reduction in ground 
reaction force. Furthermore, during the terminal stance phase, 
the auxetic pylon with a 0.3-mm-thick ligament experienced a 
maximum length reduction of 5.7% (from 10 cm to 9.43 cm), 
indicating increased energy absorption associated with higher 
displacement S. The displacement behavior of the pylon can be 
characterized by primary and secondary bending mechanisms. 
The primary bending corresponds to the overall displacement 
> of the pylon, during which the initial bend angle of the 
ligament narrows under load. As deformation progresses, the 
ligament encounters the lower shaft, inducing a secondary 
bending response. These observations confirm the feasibility of 
implementing a 3D auxetic metamaterial structure, derived 
from a 2D re-entrant hexagonal geometry, which exhibits a 
negative Poisson’s ratio. Overall, the proposed design 
methodology for transtibial prosthetic pylons utilizing auxetic 
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metamaterials is both simple and effective. The results suggest 
that a wide range of rehabilitation devices and systems, 
including prosthetic components, can be designed and 
manufactured using this approach with minimal modification. 
It should be noted, however, that this study focused solely on 
the pylon design and did not include full prosthetic assembly or 
clinical testing with human subjects. Consequently, future work 
should investigate fatigue behavior, impact loading, and long-
term performance through comprehensive experimental and 
clinical evaluations. 
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