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Abstract: A functional, mechanically strong, and affordable lower limb prosthetic is being developed
to meet the needs of individuals with lower leg amputations. Therefore, this study aimed to present
a comprehensive review of the simulation and design process. Simulations were conducted using
Composite Mechanical Analysis to determine mechanical parameters required for finite element
analysis (FEA) with ANSYS software. The biaxial design and simulation study led to the development
of a composite structure of Ramie Fiber-Reinforced Polylactic Acid (RFRPLA). This structure ensures
the safety of prosthetic construction in terms of geometric design and static load application, as the
stress levels remain within the failure threshold. The results showed that the highest stress was
recorded at 41.7 MPa and occurred in composite sections of prosthetic devices during the heel strike
condition. This was followed by 33.07 and 7.45 MPa during the foot flat and toe strike conditions,
respectively. The use of natural RFRPLA provided not only mechanical strength but also
sustainability and biodegradability, supporting the development of environmentally friendly
products.
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1. Introduction

The global demand for prosthetic services is increasing, with the World Health Organization
estimating that 35-40 million people worldwide require prosthetic devices (Chadwell et al., 2020).
However, only 18% of individuals with disabilities in Indonesia use the devices (Sunarto et al.,
2023). Lower extremity amputations are among the most common cases, significantly limiting
mobility and affecting the ability to perform daily tasks. This dependency not only restricts
movement but also reduces overall quality of life. Lower limb prosthetics play a crucial role in
restoring mobility, but affordability and comfort remain major challenges, particularly for
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individuals from lower-income backgrounds. High-quality prosthetics manufactured using
premium materials and advanced processes, typically range in price from $3,000 to $10,000, which
is quite expensive for consumers (Zepeda, 2024). This emphasizes the critical need for
advancements in the manufacturing of prosthetic devices, specifically focusing on cost-
effectiveness and enhanced comfort.

Recent technological advancements have facilitated experiments aimed at refining the
manufacturing processes of both the materials and devices, thereby fostering the development of
cost-effective and comfortable prosthetic solutions. The integration of composite materials in
prosthetic design has expanded accessibility for individuals in need. However, the widespread
adoption of these materials requires addressing several challenges. The primary objective entails
the creation of novel materials with improved properties (Castro-Franco et al., 2024).

The development of lower limb prosthetics using composite materials requires mechanical
analysis of composite mechanical properties parameters (Castro-Franco et al., 2024). Prosthetic
materials should have strength, lightweight characteristics, thermal resistance, durability, and
biocompatibility to prevent allergic reactions. Common matrix materials include polypropylene,
polyethylene, polyurethane, and acrylic while reinforcing fibers often consist of glass, nylon, and
carbon as reinforcing fiber (Selvam et al., 2021). However, most of these materials are expensive
and synthetic, limiting their sustainability and biodegradability merits. Using natural fibers as
reinforcement in polymeric composite presents numerous advantages over synthetic alternatives.
These benefits include reduced weight, low cost, good relative mechanical properties, minimal
damage to processing equipment, enhanced surface finish of molded parts, renewable resources,
abundance, flexibility during processing, biodegradability, and minimal health hazards
(Mohammed et al., 2015). Also, some natural fibers serve as local commodities and act as renewable
resources year-round (Zulkarnain et al., 2024).

Ramie (Boehmeria nivea) is a significant natural bast/stem fiber, prevalent in tropical and
subtropical regions such as China, Japan, Southeast Asia, and Brazil. The cellulose and
hemicellulose contents of raw ramie fiber were approximately 70% and 9.8%, respectively (Kalita,
Gogoi and Kalita, 2013). Furthermore, it is characterized by long fiber aggregates and high strength,
surpassing cotton and silk, while closely matching synthetic fibers. Among the various bast fibers,
ramie is considered the stiffest (Ramesh, 2018). Its tensile properties are superior compared to jute,
sisal, and others, with strength ranging from 400 to 938 MPa and modulus between 61.4 to 128 GPa
(Shekar and Ramachandra, 2018).

The interest in natural fiber reinforced polymers (NFRPs) composite has been accompanied by a
growing focus on natural polymer matrices, which have also received considerable attention and
urgency. Polylactic acid (PLA), an aliphatic biodegradable polymer, is derived from the extraction
of prevalent food crops, including corn, sugar cane, potato, tapioca, and rice (Peng and Sun, 2017).
It is used in paper-plastic hybrid packaging, plastic bags, plant containers, food and beverage
packaging, medical implants, paper coatings, filaments, films, packaging, and prominently in 3D
printing additive manufacturing filaments (Sherwani et al., 2022, Siakeng et al., 2019). The
application of PLA as a matrix in composite materials is being vigorously explored to advance the
Green Composite initiative since it offers competitive strength comparable to synthetic matrices
(Effendi et al., 2025, Surip and Jaafar, 2018; Sawpan et al., 2007).

Numerous studies have explored the use of PLA and ramie fiber in composite materials due to
their promising properties. This pairing is among the most prevalent natural composite
combinations (Lotfi et al., 2019). It is recommended for use in place of synthetic composite, while
also addressing the disposal challenges associated with petroleum-based components.

The finite element analysis (FEA) is a popular computational biomechanical method for
prosthetic design and evaluation. It enables the evaluation of mechanical performance under
different loading conditions (Joseph et al., 2024). By analyzing design aspects including material,
form, and thickness, this approach simplifies device optimization. FEA may examine stress and
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strain distribution in prosthetic devices and residual limbs, identifying areas of excessive loading
that could lead to failure or discomfort.

The developed lamina and laminate of ramie fiber-reinforced polylactic-acid (RFRPLA) behavior
characterized by previous studies (Soemardi et al., 2025; Lololau, 2024, Soemardi et al., 2023;
Lololau, 2021; Lololau et al., 2021), was used as input for FEA simulation in ANSYS (Norli et al.,
2024). The simulation was first conducted on simple structures and later extended to the geometric
model of a novel developed lower-limb prosthetic device. By simulating the actual loading
conditions based on the conventional gait analysis, the study aimed to obtain a robust, safe, and
biodegradable prosthetic solution.

Ensuring data accuracy remains a challenge when applying computational biomechanical
models to prosthetic design. This comprises prosthetic devices and residual limb shape and
material qualities. While computational biomechanics can evaluate prosthetic device performance
under varied stress circumstances, the accuracy depends on model assumptions and input data
quality. The computational demands and time-intensive nature of these analyses may limit the
practical application. Therefore, experimental validation remains essential, as the computational
model cannot totally replace physical testing.

2. Methods

2.1. Establishing Parameter Composite Mechanics

The study aimed to acquire general parameters for composite, specifically focusing on the
mechanical properties of lamina and laminate as quasi-isotropic materials (Torabi and Pirhadi,
2022, Zhou et al., 2021). These parameters are essential for understanding the mechanical behavior
of composite in prosthetic applications, ensuring strength and stability.

The material used for this design was RFRPLA Prepreg (Soemardi et al., 2025, Soemardi et al.,
2023). Composite matrix and fiber parameters obtained from previous study (Lololau, 2021), are
presented in Table 1 and serve as mechanical parameters of the constituents. Properties of lamina
and laminate were determined using composite mechanics, specifically through micro and macro
mechanical analyses (Kaw, 2006) and the rapid average approximation method (Lololau, 2024), as
outlined in Table 2. The steps are as follows:

e Determination of lamina stiffness constants based on the rule of mixture for matrix and fiber,
including elastic and shear modulus, as well as Poisson’s ratio, in relation to the reinforcement
volume fraction

e Calculation of tensile, compressive, and shear strength of lamina using the derived stiffness
constant

e Integration of stiffness constants and strengths as input parameters for FEA

e Transformation of ultimate strengths of lamina into off-axis lamina within the laminate stack-up

¢ Arranging on and off-axis laminas strengths to determine the effective strengths for failure
envelope formation

Table 1 Properties of Matrix and Fiber (Lololau, 2021)

Engineering Constant Matrix Fiber Unit
E 1710 4020 MPa
v 0.31 0.22
o, 20.3 394 MPa
of 90.14 MPa
0 20.3 MPa
Tip 21.22 MPa
G 652.67 1647.54 MPa

|4 53% 47%
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Table 2 Properties of Composite

Engineering Constant Values Unit
Lamina
E; 2.8 GPa
E, 2.34 GPa
Vs 0.27
Gy, 0.91 GPa
(o) 274.01 MPa
(0w 15.45 MPa
(T12)wie 14.27 MPa
(0wt 104.55 MPa
()it 68.61 MPa
Laminate
Oy 144.73 MPa
gy 144.73 MPa
Tyy 37.27 MPa
E, 2.51 GPa
E, 2.51 GPa
Gyy 0.93 GPa

The elasticity and strength parameters of this lamina and quasi-isotropic laminate served as the
fundamental input for the geometric structure of the RFRPLA Prepreg composite material product.

2.2. Establishing Geometry

The study aims to establish the geometry of composite made from prepreg RFRPLA
(Rajeshkumar et al., 2021), both for simple structures such as cantilevers and lower limb prosthetic
structures. Additionally, it includes the laminate structure of prepreg RFRPLA, allowing for a

comprehensive evaluation of the material in various structural configurations.

The geometry for cantilevers and lower limb prosthetic structures are shown in Figures 1 and 2.
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Figure 2 Lower limb prosthetic geometry (a) side view (b) top view (Dimensions are in mm)
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2.3. Simulation

Static load simulation using FEA with ANSYS (Gupta et al., 2020) was conducted to obtain biaxial
strength parameters such as gy, 03, and 74, for lamina, as well as o, 0, and 7y, for laminate. The
simulation was applied to both simple tests and geometric structures of lower limb prosthetic
products. The results provide deep insights into the strength and durability of composite material
under various loading conditions.

Through theoretical computations, composite laminates on lower limb prosthetic structures
were stacked in an optimized orientation, each with a thickness of 0.5 mm per lamina, as shown in
Figure 3. This configuration was designed to enhance structural performance while maintaining
cost-effectiveness. By minimizing waste and avoiding over-engineering, the optimized design
ensured that the structure meets performance requirements at a reduced cost.

Figure 3 Composite Layer Stack-up

Simulations conducted in this study were in static form on Ansys software. The results provide
valuable insights into the performance of lower limb prosthetic design. A critical step in product
simulation is meshing, which contributes to the accuracy and computational efficiency of the
numerical simulation.

To simulate the composition of composite in Ansys Workbench, the ACP (Pre) tool can be used:

e The main setup components required for simulating Ansys ACP (Pre) include material data,

rosettes, oriented selection sets, modeling groups, and solid models.

e Within the material data folder, settings for fabrics and stack-ups were critical to determine
the material thickness and configure the layering of lamina or ply. This configuration was
essential for accurately simulating the physical characteristics and behavior of composite
materials.

e Inside the toolbox under the general menu, it was required to specify both the type of material
and the desired thickness for the selected material.

e In the toolbox under the general menu, it was required to individually define the orientation
for each lamina. The thickness was automatically determined based on settings in the fabric
properties toolbox.

e Rosettes were used to establish local coordinate systems, crucial for correctly aligning fiber
orientations with global loading directions.

e Oriented Selection Sets allowed for the precise application of material orientations and
properties to specific elements based on directional orientation.
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e Modeling Groups served to organize different components or layers within a composite
structure. In the modeling groups folder, the modeling ply properties were configured by
defining the oriented selection sets and selecting the appropriate ply material.

e Solid Models represent the 3D geometry of composite, essential for conducting accurate
simulation. In this context, a solid model was created, followed by the configuration of the
element sets.

o After the ACP (Pre) configuration was complete, simulation was conducted in the static
structural section of Ansys Workbench. Establishing the initial conditions of the simulation
was crucial to define the starting point for the analysis.

After the simplified cantilever simulation was completed, prosthetic stress was further analyzed
through simulation of heel strike, foot flat, and toe strike (Al-Zubaidi and Al-Shammari, 2022)
following the ISO 22675 testing standard. These simulations replicated the typical behavior of a
human foot during walking and running, focusing on movements common in active prosthetic use.
The analysis also assessed durability and safety. During the swing phase, the prosthetic was
expected to return to equilibrium or natural position. This allowed the ankle force and angle to both
return to zero in preparation for the subsequent gait cycle. Fixed support was applied at the bottom
surface to simulate ground contact.

According to (Barreira, Rowe and Kang, 2010), the average walking speed of humans was 89.7
m-'min?! which is (1.49 m-sec?) with 120% body weight percentage. The average sprint running
speed was 7 m.sec! with a 300% body weight percentage (McGowan et al., 2012). This study
assumed that a prosthetic device can be used for medium-speed running at 4.5 m.sec’,
corresponding to 220% body weight percentage. Since the unit in Ansys was set to mm-sec, an
input value of 4500 mm-sec! was applied.

2.4. Failure Envelopes

This simulation produced a failure envelope (Ganesan and Nair, 2024) based on the Tsai-Wu,
Norris-McKinnon, and maximum stress failure criteria. Additionally, a scatter plot of the results for
a patient load of 200 kg (2000 N) under dynamic usage conditions was incorporated into this
envelope. The mass of 200 kg was to anticipate various real-life situations of the user during the use
of prosthetics. According to the National Center for Health Statistics (Fryar et al., 2021), the average
body weight for 20 years and older was 90.6 kg. A 200 kg load, representing 220% percent of the
average weight, was deemed sufficient for simulating real-life conditions and ensuring an adequate
safety factor.

2.4.1. Tsai-Wu failure criterion

The criterion was more adaptable and accommodated various stress conditions, making it
suitable for intricate applications with varying material properties and loading conditions. In
analyzing progressive damage in composite materials, stiffness reduction occurred through various
mechanisms depending on the failure mode. The experimental verification of various types of
unidirectional composite under different stress states showed that the Tsai-Wu failure criterion had
superior predictive capability and accuracy compared to alternative models (Chen et al., 2021).

The theorem of failure was grounded in Beltrami's total strain energy failure concept (Kaw, 2006;
Melinda et al., 2024). Tsai-Wu adapted this theory for application to a lamina under plane stress
conditions. Failure of a lamina was determined when:

Hy0y + Hy0p + HeT1p + Hi10F 4 Hpp05 + HeeTiy + 2Hy3000, = 1 (1)

Applying the five strength parameters for a unidirectional lamina, the following formula
generated the components. H;, H,, Hg, Hy1, Hy5, and Hgg.

Apply 61 = (6] )uir, 02 = 0,71, = 0 and 61 = —(07 )iz, 02 = 0, 74, = 0 to a unidirectional lamina
which will fail. Equation 1 was reduced into:
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Hy (0] )wie + H11(U{)12¢lt =1 (2)
_H1(01C)ult + H11(016)%¢lt =1 3)
From Equations 2 and 3, the constants were determined as:
1 1
H, = - 4)
P @Due (0w
1
H11 U — (5)
(U{)uu(af)uu
Apply 01, =0, 03 = (05 )wue, T1z = 0 and 01 = 0, 03 = —(05 ) e, T12 = 0 to a unidirectional lamina

which will fail. Equation 1 was reduced into:

Hy (0w + Hyp (0] = 1 (6)

—Hy (05w + Haz (052 = 1 (7)

From Equations 6 and 7, the constants were determined as:
1 1

H, = — (8)
L (0 1<a§>uu
(0D (0
Applyo; = 0,0, = 0,71, = (t12)weand oy = 0,0, = 0, Ty, = —(T12) e to a unidirectional lamina
which will fail. Equation 1 was reduced into:
He(T12)wie + Heo(T12)71: = 1 (10)
—Hg(T12)we + Heo (T12) 50 = 1 (11)
From Equations 10 and 11, the constants were determined as:
Hg=0 (12)
1
Hy,=—— (13)
o0 (T12)12dt

The component of the failure theory that cannot be directly derived from the five strength
parameters of a unidirectional lamina was H,. It was determined through empirical methods such
as the Hoffman criterion.

1

Z(Uf)uu(af)uu

2.4.2. Norris-McKinnon failure criterion
The criterion was the very first quadratic failure theorem in the interpretation of composite
failure, making it the simplest quadratic model. It evaluated whether a given state of stress led to
failure based on the strengths of the material in tension, compression, and shear (Goonewardena et
al., 2022, Norris and McKinnon, 1956). Failure of a lamina is determined when:

(o) *(Gr) + () =

2.4.3. Maximum Stress failure criterion
The theory was used to predict when a lamina within composite material will fail. It is important
to acknowledge that the lamina fails when the Equation (see Equation 16) is violated (Gu et al., 2024;
Ferdous et al., 2020; Shishesaz and Hosseini, 2020). As the most fundamental interpretation of
composite failure, this criterion was used as a boundary for other models.

Hyip = (14)
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_(O'lg)ult < 01 < (Gli)ultr or
=02 )uir < 02 < (02 )ir, OT
IT12] < (T12)uie

(16)

3. Results and Discussion

3.1. Parameters
From composite mechanics (Torabi and Pirhadi, 2022; Zhou et al., 2021; Jeyapragash et al., 2020)
analysis, the following failure envelope was obtained, as presented in Figure 4. The failure criteria
established failure threshold/boundary in the form of failure envelopes but do not provide
implications for the current design. Simulation results were plotted on the envelope to project the
biaxial stress condition on the prosthetic device. The Tsai-Wu criterion defined a larger area of
failure threshold, as it considered all strength components in each quadrant. Meanwhile, Norris-
McKinnon's criterion applied only to the relevant strength within specific quadrants. For example,
during a positive g; and positive o, quadrant, only longitudinal and transverse tensile strength

were considered.

(a) (b) (c)
40 20 20

20 A

— - — - Nords-McKinnon

20 4

— — — Maximum Stress

a, (MPa)

715 (MPa)

712(MPa)
S

.40 4

Tsai-Wu
— - — - Norrs-McKinnon

= = = = Maximum Stress

-60 A — - — Norris-McKinnon

— — — Maximum Stress

-80
-200 0 200 400 -120 -60 0 60 120 180 240 300 -80 -60 -40 -20 0 20

oy (MPa) oy (MPa) o, (MPa)

Figure 4 Failure Envelope of (a) g, vs gy (b) 715 Vs 0y () T13 Vs 03

3.2. Simulation
For a static load of 2000 N from the amputee patient, the highest stress observed was 159 MPa,
as shown in the ANSYS FEA simulation in Figure 5. This remained below the actual strength of the
lamina, which was 274 MPa. Therefore, the simple composite structures tested had a safety factor
of 1.72.

1750 5250

Figure 5 Cantilever FEA result after flexural loading

The impact test of the prosthetic was conducted with three different orientations, namely toe-
first, full-foot, and heel-first contacts. This study aimed to identify the critical condition of prosthetic
structure. Starting with idealized gait analysis (Al-Zubaidi and Al-Shammari, 2022) in Figure 6
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(Zhao et al., 2016), simulation tests were conducted on the three conditions using the geometry
structure in Figure 2, as emphasized in Figure 6.

Simulation results are shown in Appendix I, II, and III for foot flat, heel strike and toe strike gaits,
respectively. Based on Appendix I, at t = 4 ms, the prosthetic model first contacts the ground. From
t =4 ms to t = 10 ms, it continued to receive a load of 200 kg. The results show that the maximum
normal stress of the fully assembled device was 159.6 MPa, located in the bolted joints. The stress
in the bolted joints is particularly high due to several factors. The bolts are subjected to high tensile
stress as sufficient clamping force is needed to hold the joint components together securely.

After the foot-flat simulation, the next phase focused on the heel strike. In this context, the
geometry of the model was modified, tilting the ground 20 degrees to replicate heel contact, as
shown in Appendix II. The adjustment aimed to provide a more accurate view of stress distribution.
Data shows significant fluctuations in stress values, reflecting the dynamic nature of the heel strike
on the prosthetic model. The results provide crucial insights into the stress distribution and identify
potential critical points during the simulated heel strike event. Based on observation, the maximum
stress of 54.21 MPa occurred at a 9 ms time step, concentrated at the joint or adapter.

0
(\
! é\
1\
—X
1 2 3 4 5 6 7
“/
,Jf ik“%"\«,‘ | ao ;ff
» = S
\2 — e
b1 (a) Heel Strike i (b) Foot Flat #y (c) Toe Strike
Wk o { {
" ; A
2 Yy
s
S =

&2
= T ; o

Figure 6 Idealized gait analysis based on three main gait movements: Heel strike, Foot flat, and
Toe strike

Following the completion of the heel strike simulation, attention shifts to the toe strike phase. In
the process, the geometry of the model was modified by inclining the ground at a 15-degree angle
to simulate toe contact, effectively mimicking the action of human walking. This modification was
designed to improve stress distribution accuracy. The dynamic simulation and the results at each
time step are presented in Appendix III.

The simulation result shows that the prosthetic model initially contacts the ground at t = 3.5 ms.
From this point until t = 10 ms, it received a constant load of 200 kg. Peak normal stress reached
114.6 MPa at the bolted joints. The bolts experience tensile stress developed as the bolts exert
clamping force to secure the joint components.

After completing simulations for the foot-flat, heel strike, and toe strike conditions, the results
were compared against the failure envelope of composite material. This process included manually
probing high-stress areas, particularly at curves to assess material toughness and safety. Figure 7
shows the results of dynamic simulation for composite parts under each condition. In the foot-flat
phase, the area around the adapter is subjected to a stress of 33.07 MPa. During the heel strike, it
increased to 41.7 MPa at the lower section of the model. In contrast, the toe strike condition shows
a significantly lower stress of 7.45 MPa at the curves on the top part of the composite. Mechanical
safety was confirmed using "on-axis" failure envelope analysis, as shown in Figure 7.
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Figure 7 Simulation results for composite parts at each gait simulation: (a) Foot flat; (b) Heel strike; (c)
Toe strike

Figure 8 shows the scatter plot for a 2000 N load applied to composite parts of the developed
prosthetic under each gait condition at the failure envelope. The results fell within the semi-
empirical failure envelope based on the Tsai-Wu, Norris-McKinnon, and maximum stress failure
theories. This implied that the prosthetic could safely withstand the load. However, the behavior
of the designed device during repeated/cyclic loading remained challenging due to limited data
on the fatigue strength and life cycle of the materials used.

40

20 A

Tsai-Wu
— + — Norrs-McKinnon
— — — Maximum Stress
20 1
* Foot Flat

g, (MPa)

a Heel Strike
] Toc Strike

40

60 4

-80 T T T T T
-200 -100 0 100 200 300 400
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Figure 8 Failure envelope of g, vs o, plot with the result of Foot-Flat, Heel Strike, and Toe Strike
gait simulation
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4. Conclusions

In conclusion, a novel lower limb prosthetic was designed and developed using the RFRPLA
composite. Mechanics of composite material were computed to determine the parameters of
material that were used to form envelopes defining the failure threshold. The geometry and
laminate structure of the prosthetic device withstood a 2000 N biaxial static load, an extreme
loading condition, without failure. Simulation results for foot flat, heel strike, and toe strike phases
in gait analysis fell within the envelope line generated from the Tsai-Wu, Norris Mc-Kinnon, and
Maximum Stress failure criteria. This confirmed structural integrity during a medium speed
running activity. However, experimental validation remained essential, as computational FEA
models cannot totally replace experimental testing.
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