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Abstract: This study developed a sustainable lower-limb prosthetic prototype using biodegradable 
ramie fiber-reinforced PLA composite as its primary material. The design specifically addresses the 
needs of individuals with limb amputation while prioritizing environmental sustainability. PLA-
based composites for structural biomedical applications—particularly those in lower-limb 
prosthetics—must meet rigorous mechanical and fatigue performance requirements under 
repetitive loading. This study investigates the development of a transtibial prosthetic foot prototype 
using a quasi-isotropic lay-up prepreg ramie-PLA composite fabricated via the hot press method. 
Material characterization was conducted per ASTM standards, and the design was evaluated using 
the Finite Element Method (FEM). The prototype underwent static testing according to ISO 22675 
with a user load criterion. The laminate exhibited an ultimate tensile strength of 48.36 ± 0.95 MPa, 
an elastic modulus of 4.125 ± 0.25 GPa, and a flexural strength of 62.06 ± 3.43 MPa. FEM results 
showed that all normal and shear stresses during heel strike (17.78 MPa and 1.71 MPa) and toe-off 
(12.38 MPa and 5.69 MPa) phases remained below fatigue limits. Experimental static stresses were 
heel strike (12.72 MPa) and toe-off (20.09 MPa), both within safe operational limits. These findings 
highlight the structural viability and environmental sustainability of ramie-PLA composites, 
positioning them as a promising material for next-generation prosthetic foot development. 
 
Keywords: ramie fibers; PLA; bio-composite; lower limb prosthetic foot; prosthetic design and 

development 

 
1. Introduction 
 
Recent advancements in materials science have significantly influenced the biomedical sector, 
particularly in the development of intelligent, durable materials for prosthetic limbs and other 
medical devices [1], [2]. These materials are expected to provide high mechanical strength and 
thermal stability, along with antibacterial properties in certain applications [3], [4], [5] with 
biodegradability, renewability, and reduced environmental impact [6], [7]. Rising demand for 
sustainable technologies has intensified research on natural fiber-reinforced polymers (NFRPs) 
and green composites. Fiber-reinforced polymer composites are a compelling alternative to 
traditional metals and ceramics in biomedical and aerospace applications due to their lightweight 
nature, high stiffness-to-weight ratio, and cost-effectiveness [6]. Among these, ramie fiber-
reinforced polylactic acid (PLA) composites have gained attention [7], [8], [9]. In Indonesia, the 
advancement of natural fiber composites—especially those utilizing locally sourced fibers—has 
shown significant promise due to their high strength, corrosion resistance, and eco-friendly 
decomposition [10], [11], [12], [13].  
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PLA is distinguished by its mechanical properties, particularly tensile strengths frequently 
exceeding 70 MPa, surpassing common biodegradable polymers like polyhydroxyalkanoates 
(PHAs) [14], [15]. PLA composites reinforced with ramie fibers improve composite stiffness and 
tensile performance, but degrade under humid or soil-burial conditions. It requires surface 
treatments or compatibilizers to increase interfacial adhesion [15], [16]. Prepreg-based fabrication 
techniques are increasingly preferred for high-performance fiber composites due to process 
consistency and reliability [17]. Simultaneously, lower-limb prosthetic design has advanced from 
basic mechanical structures to bionic systems, driven by innovations in material science, 
biomechanics, and computational modelling [18], [19], [20], [21].   
 
Advanced material technologies have been widely developed in the healthcare business to create 
smart and innovative materials for prosthetic limb systems with excellent mechanical qualities and 
extended durability. However, research and development of environmentally friendly prosthetic 
limbs remain limited. Green materials innovations align with Sustainable Development Goal 9 
(Industry, Innovation, and Infrastructure) while improving quality of life. These composites provide 
significant weight reduction, enhanced performance, and design adaptability [22], [23], [24]. 
Current prosthetic foot commonly utilize carbon fiber composites, which exhibit exceptional 
strength and rigidity [4], [25], [26] but the non-biodegradable and non-renewable nature of carbon 
fiber presents significant environmental challenges [27], [28]. Therefore, the biocompatibility and 
mechanical properties of ramie-PLA composites represent a promising material choice for 
biomedical applications, particularly in prosthetic foot development. 
 
Lower-limb amputations encounter significant mobility limitations for approximately 37 million 
people worldwide. These individuals often experience diminished quality of life through physical 
barriers, social stigmas, and increased injury risk [29]. Transtibial amputees require 10–40% more 
energy expenditure to maintain normal walking speed and elevated oxygen consumption compared 
to non-amputees [30], [31], [32], [33]. These limitations often restrict participation in daily 
activities. Additionally, prosthetic services remain frequently inaccessible or cost-prohibitive, 
particularly for individuals in lower socioeconomic communities [34], [35]. To address these 
limitations, this study aims to design and develop a cost-effective, sustainable transtibial prosthetic 
foot prototype using ramie-PLA bio-composite laminates. It focuses on structural design, 
fabrication via hot press prepreg methods, and mechanical performance validation using finite 
element analysis and standardized static testing (ASTM and ISO 22675).  
 
2. Material and methods 
 
The methodology employed in this study consists of three main stages: material and testing 
validation, design and analysis, and prototype fabrication, followed by mechanical properties 
testing. Initially, ramie-PLA composite laminates were manufactured using a hot press prepreg 
method. The experimentally characterized mechanical properties were implemented as material 
inputs for ANSYS Workbench finite element simulations. Based on the simulation results, a 
prosthetic foot prototype was fabricated and subsequently subjected to static testing to evaluate its 
performance. 
 
2.1 Material and testing validation 
 
Ramie fibers were supplied by Nantong Yemeng New Material Co., Ltd., and the PLA matrix (Bio-
poly 103 granules) was procured from Shanghai Huiang Industrial Co., Ltd. To enhance fiber–
matrix adhesion, isophorone diisocyanate (IPDI) was used as a compatibilizer, in combination with 
0.5% Tin (II) octoate (Santa Cruz Biotechnology) and 0.5% triphenyl phosphite (TPP) (Tokyo 
Chemical Industry Co., Ltd.). Dichloromethane (DCM), used as the solvent, was supplied by PT. 
Indogen Intertama. 
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Based on a previous study, a formulation of 1.5% IPDI, 0.5% Tin (II) octoate, and 0.5% TPP by 
total weight of the composite was adopted to achieve optimal mechanical performance [16]. The 
PLA granules were dissolved in DCM at a 1:6 (w/v) ratio under magnetic stirring for 2 hours. The 
compatibilizers were subsequently added and mixed for 10 minutes at room temperature. The 
ramie fibers were manually woven with unidirectional orientation and a cotton binder in the 
horizontal direction. The woven fabric was then impregnated with the PLA/DCM solution until 
fully saturated. The resulting prepreg was removed, wrapped in parchment paper, and stored at –
18°C for 14 days before further processing. 
 
Laminate specimens were manufactured using an aluminum mold (254 × 194 mm², AA 6061-T6) 
under hot-press conditions (110°C, 132 bar, 90 minutes). The cured sheets were then laser-cut 
into test specimens for mechanical characterization. The volume fraction was controlled at 
approximately 45% fiber (Vf) and 55% matrix (Vm). These experimentally determined material 
properties served as input parameters for subsequent finite element analysis in ANSYS. The 
properties of the laminate composite ramie-PLA were performed in previously researched by the 
authors, summarized in Table 1.  These lamina properties were subsequently input into ANSYS for 
Finite Element Analysis of the prosthetic foot geometry. 
 
Table 1. Lamina Material Properties [36] 
 

 
The lamina properties obtained will be used to determine the stack-up laminate isotropic 
orientation layup configuration and mechanical analysis for the prosthetic foot design, using 
established basic composite laminate mechanics equations. For validation of its mechanical 
properties, the ramie-PLA prosthetic foot will undergo ASTM standard tests at ambient 
temperature for tensile and flexural. Mechanical testing includes: tensile testing of laminate 
composite ramie-PLA per ASTM D3039 (speed of 3 mm/min), flexural testing per ASTM D7264 
(speed of 1 mm/min), and tensile testing for EVA (Ethylene-Vinyl Acetate) per ASTM D3574 
(speed of 500 mm/min) to ensure that the prosthetic foot meet the required mechanical properties 
[34-38]. Mechanical testings were conducted using equipment available at the Badan Riset dan 
Inovasi Nasional (BRIN) laboratory in Indonesia. 
 
Tensilon UTM RTG-1250 machine was employed to obtain tensile properties and flexural test with 
10 kN load cell, and 1 kN load cell for the EVA tensile test. A general-purpose Kyowa KFGS-5-

120-D16-11 L3M2S strain gauge is designed to measure strain and data acquisition rate of 200 Hz. 
Following the analysis, a Scanning Electron Microscope (SEM) was utilised to investigate the failure 
of the specimens. 
 

Properties Value Unit 

(𝜎1
𝑇)ult 80.07 [MPa] 

(𝜎2
𝑇)ult 33.38 [MPa] 

(𝜏12)ult 31.79 [MPa] 

(𝜎1
𝑐)ult 31.77 [MPa] 

(𝜎2
𝑐)ult 38.09 [MPa] 

E1 10.38 [GPa] 

E2 1.6 [GPa] 

G12 2.04 [GPa] 

v12 0.28 - 
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[

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] = [
𝑐𝑜𝑠2𝜃 sin2 𝜃 −2𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃
sin2 𝜃 cos2 𝜃 2𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 cos2 𝜃 − sin2 𝜃

] [

σ₁
σ₂
τ₁₂

] (1) 

 
2.2 Design and analysis 
 
The design of the prosthetic foot was based on a combination of standard biomechanical modeling 
and finite element simulation to ensure structural integrity under dynamic loading conditions. A 
prosthetic structure capable of absorbing impact and providing suspension effects was the target of 
the study. Finite element simulations were conducted using ANSYS Workbench, per ISO 22675 
standards and modifications derived from the AOPA’s prosthetic foot protocol to account for 

variable user loads [37], [38], [39]. A user body mass of 65 kg was assumed in the simulation, 
corresponding with gait analysis data that define loading conditions during heel strike and toe-off 

phases. A walking speed of 1.43 m/s generates a peak ground reaction force equivalent to 120% of 
body weight (BW) at heel strike and approximately 110% of BW at toe-off [37], [38]. 
 

 
 

(a) (b) 
 
Figure 1. Heel strike and Toe-off phases 
 
The preliminary dimensions of the prosthetic foot are determined via mathematical modelling, 
incorporating dynamic load parameters to ensure functionality under anticipated dynamic stress. 
Initial design calculations for minimum thickness were based on laminate beam theory and dynamic 
tensile stress limits of ramie-PLA composites [40]. 
 

σdn  = 
𝑀.𝑦

𝐼
 (2) 

I = 
𝐵 .  ℎ³

12
 (3) 

y = 
ℎ

2
 (4) 

hmin = √
𝑀 .  .6

𝐵.𝜎
 (5) 

 
From the given equation, the maximum moment (M) is determined from the model's width (B), 

its thickness (h), and the dynamic tensile strength (σdn) of quasi-isotropic ramie-PLA composite at 
106 cycles. The minimum thickness, derived from the previous requirements, is subsequently 
simulated to verify that peak stresses remain below the allowable limit. Composite simulations in 

https://unp.ac.id/
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finite element analysis were performed in ANSYS ACP software (licensed via BRIN), incorporating 
material properties from the previously characterized ramie-PLA lamina. The angles formed from 
each phase are 15º in Hell Strike and 20º in toe-off [38], [39], [41]. The analysis identified peak 
stress regions on the prosthetic structure, and the design was iteratively refined to maintain a 
dynamic safety factor no lower than 1. Dynamic safety factors were determined from extracted 
stress value from the ANSYS model simulations and plotted using the Tsai-Wu and Norris-
McKinnon failure criteria. The Tsai-Wu criterion for composite is defined as follows: 
 

𝐻1𝜎1 + 𝐻2𝜎2 + 𝐻6𝜏12 + 𝐻11𝜎1
2 + 𝐻22𝜎2

2 + 𝐻66𝜏12
2 + 2𝐻12𝜎1𝜎2 = 1 (6) 

 
The five strength parameters for a unidirectional laminate were used to derive the following 

formula and its components, 𝐻1, 𝐻2, 𝐻6, 𝐻11, 𝐻22, and 𝐻66.  Where, 𝜎1 = (𝜎𝑥
𝑇)𝑢𝑙𝑡 ultimate 

tension stress x direction , 𝜎2 = (𝜎𝑦
𝑇)𝑢𝑙𝑡ultimate tension stress y direction, 𝜏12 = (𝜏𝑥𝑦)𝑢𝑙𝑡 

Ultimate shear stress on xy plane and 𝜎1 = −(𝜎𝑥
𝐶)𝑢𝑙𝑡  is ultimate compression stress on x 

direction, and 𝜎2 = (𝜎𝑦
𝐶)𝑢𝑙𝑡, is ultimate compression stress on y direction. 

 

𝐻1(𝜎1
𝑇)𝑢𝑙𝑡 + 𝐻11(𝜎1

𝑇)𝑢𝑙𝑡
2 = 1 (7) 

−𝐻1(𝜎1
𝐶)𝑢𝑙𝑡 + 𝐻11(𝜎1

𝐶)𝑢𝑙𝑡
2 = 1 (8) 

𝐻1 =
1

(𝜎1
𝑇)𝑢𝑙𝑡

−
1

(𝜎1
𝐶)𝑢𝑙𝑡

 (9) 

𝐻11 =
1

(𝜎1
𝑇)𝑢𝑙𝑡(𝜎1

𝐶)𝑢𝑙𝑡

 (10) 

𝐻2(𝜎2
𝑇)𝑢𝑙𝑡 + 𝐻22(𝜎2

𝑇)𝑢𝑙𝑡
2 = 1 (11) 

−𝐻2(𝜎2
𝐶)𝑢𝑙𝑡 + 𝐻22(𝜎2

𝐶)𝑢𝑙𝑡
2 = 1 (12) 

𝐻2 =
1

(𝜎2
𝑇)𝑢𝑙𝑡

−
1

(𝜎2
𝐶)𝑢𝑙𝑡

 (13) 

𝐻22 =
1

(𝜎2
𝑇)𝑢𝑙𝑡(𝜎2

𝐶)𝑢𝑙𝑡

 (14) 

𝐻6(𝜏12)𝑢𝑙𝑡 + 𝐻66(𝜏12)𝑢𝑙𝑡
2 = 1 (15) 

−𝐻6(𝜏12)𝑢𝑙𝑡 + 𝐻66(𝜏12)𝑢𝑙𝑡
2 = 1 (16) 

𝐻6 = 0 (17) 

𝐻66 =
1

(𝜏12)𝑢𝑙𝑡
2  (18) 

 
Failure theory components not directly derivable from the five laminate strength parameters. Those 
must be calibrated for H12 using empirical methods, such as the Hoffman criterion. 
 

𝐻12 = −
1

2(𝜎1
𝑇)𝑢𝑙𝑡(𝜎1

𝐶)𝑢𝑙𝑡

 (19) 

 
The Norris-McKinnon criterion is a quadratic failure theory that is considered one of the first and 
simplest approaches for analyzing composite failure. This criterion evaluates whether a specified 
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level of stress would result in failure by considering the material's tensile, compressive, and shear 
strengths. 
 

(
𝜎𝑥

(𝜎𝑥)𝑢𝑙𝑡
)

2

+ (
𝜎𝑦

(𝜎𝑦)
𝑢𝑙𝑡

)

2

+ (
𝜏𝑥𝑦

(𝜏𝑥𝑦)
𝑢𝑙𝑡

)

2

= 1 (20) 

 
A comparative analysis of the fatigue life characteristics of flax fibre and glass fibre reinforced epoxy 
composites was undertaken, utilizing two distinct fibre orientations of ±45º and 0º/90º. 
Composites reinforced with flax fibers oriented at 0º /90º showed a lower fatigue endurance than 
glass fibers. Although epoxy composites reinforced with ±45º  flax fibers had a comparable fatigue 
endurance to those made with glass fibers in the high-cycle region [42], angle of ± 45º does not 
offer superior strength in either the x or y direction compared to an angle of 0º /90º  in laminate. 
Previous investigations had established that a quasi-isotropic laminate Ramir-PLA configuration 
endured 894,052 cycles when subjected to 55% of its ultimate strength [36]. Owing to the 
availability of this empirical data, the present study adopts the quasi-isotropic laminate 
[0º/90º/±45º] configuration for the prosthetic foot. 
 
Due to the study limitations, the fatigue test results could not be characterized.  A model employing 
random hemp fibers with quasi-isotropic properties approximated fatigue cycles. These results 
informed the development of the material's fatigue failure criterion equation as follows: 
 

Sm = 1 – η ln (N) (21) 

 
Where N is the number of fatigue life cycles to failure, Sm is the new modified stress level. The 

fatigue sensitivity index (η) was found to be 0.0517 using best-fit linear regression; the R2-value of 
0.99 indicated a strong correlation with the data, signifying a good fit based on the experimental 
data [43].  
 

Sm = 
𝜎𝑚

𝜎𝑢𝑡 − 𝜎𝑎
  (22) 

 

Where σm is the mean stress, σa is the fatigue stress amplitude and σut is ultimate tensile strength. 
Using the given equation and a 10% fatigue stress ratio, the resulting cycle value is equivalent to 

106, which corresponds to 42.1% σut material. Additionally, other sources suggest that the 

maximum working stress is typically set between 25% and 40 % of σut [10], [44], [45]. However, 
for composite materials with a defined fatigue limit, the fatigue resistance under compressive 
loading is typically higher than under tensile loading.  
 
The exact percentage difference varies by material, but the compressive fatigue limit is commonly 
10–20% higher than the tensile fatigue limit. If expressed as a fraction of the respective ultimate 
strengths, the compressive fatigue limit typically ranges between 50% and 65% of the ultimate 
compressive strength, whereas the tensile fatigue limit is only 40–55% of the ultimate tensile 
strength [43], [46], [47]. Therefore, the same equation utilised in the compression zone is used to 
predict the fatigue line. 
 
2.3 Prosthetic production 
 
The prosthetic foot prototype was fabricated using the hot press method, following a process similar 
to that used in the lamina characterization stage. The ramie fiber sheets were prepared in quasi-
isotropic layup configurations: 54 layers (upper foot segment) and 32 layers (lower foot segment). 
The composite prepreg ramie fiber materials were prepared in dimensions of 250 mm × 100 mm 
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(upper segment) and 150 mm × 100 mm (lower segment). The orientation followed a sequence of 

[0°/90°/45°] to ensure quasi-isotropic mechanical properties in the laminate structure. The 
molding apparatus used for fabrication consisted of aluminum molds shaped according to the 
anatomical geometry of a prosthetic foot. A release fabric was applied to each mold surface to 
facilitate easy removal of the cured laminate. The composite layups were compressed under a 

temperature of 110 °C and pressure of 132 bar for approximately 90 minutes. After hot pressing, 
the composite panels were trimmed to final shape using precision laser cutting.  
 
The assembly consisted of joining the upper and lower foot segments using mechanical fasteners 
complemented by structural adhesives. This ensured robust bonding between the sole and 
aluminum connectors. The finalized prototype was subsequently prepared for static and dynamic 
mechanical testing. 
 

 
 
Figure 2. Ramie-PLA hot press setup 
 
2.4 Prosthetic static test 
 
The final prosthetic foot prototype was subjected to various static testing procedures to evaluate its 
performance before the dynamic test. The testing setup and procedures were designed to mimic 
the anticipated loading conditions during the gait cycle, including the heel strike and toe-off phases. 
Strain gages were strategically placed on multiple surfaces of the prosthetic foot to measure the 
normal stresses during the static tests. The prosthetic foot was subjected to non-destructive 
compressive load testing. These loading conditions aligned with the finite element simulation 
results, which were derived from the gait analysis data. The testing covered the heel strike and toe-
off phases of the step cycle [39], [41], [48]. During the heel strike phase, a 15º angle was applied 
with a 780 N force. In the toe-off phase, a 20º angle was applied with a 715 N force. The 
experimental setup is shown in Figure 3. The Tensilon UTM RTG-1250 machine was employed to 
obtain a static test with 10 kN load cell. 
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(a) (b) (c) 
 
Figure 3.  Strain gauges and cycle test position, (a) Strain gauges location, (b) Heel strike position 

setup, (c) Toe-off position setup 
 
Strain gauges (SG) were used to record normal strain in material testing and analysis, as shown in 
Figure 3 (a). Strain gauges were installed at four positions to monitor operational stresses and verify 
compliance with allowable stress limits. The measured values were then compared with prior 
simulation results. Strain gauges data processing employ Hooke's Law equation, which relies on the 
elastic modulus derived from previous composite laminate testing. The static speed testing of the 
experiment was conducted at a rate of 3 mm/min. 
 

σ = E. ε (23) 

 
3. Results and discussion  
 
3.1 Material and testing validation 
 
The ramie-PLA composite test specimens were fabricated with a quasi-isotropic stacking sequence 

of [0°/90°/45°], resulting in an average thickness of 14.69 ± 0.03 mm and a width of 

2.35 ± 0.08 mm. Tensile testing yielded an ultimate tensile strength of 48.36 ± 0.95 MPa and an 

elastic modulus of 4.125 ± 0.25 GPa. Statistical analysis using ANOVA at a significance level of 

α = 0.05 indicated no significant difference in tensile strength (p = 0.99), but a significant 

difference was observed in the elastic modulus (p = 0.002). Therefore, the experimental modulus 
was applied in subsequent stress analysis based on strain gauge data. Table 2 summarizes the 
experimentally determined mechanical properties of EVA cushioning material, whereas Table 3 
provides a comparison between the theoretical prediction and experimental measurements for the 
ramie-PLA composite laminate. 
 
Table 2. Experimental mechanical properties of EVA 

 

Properties Experimental value Unit 

𝜎𝑢𝑙𝑡 1.049 ± 0.08 MPa 

E 2.36 ± 0.19 MPa 

εult  167.82% ± 18% m/m 

 

Flexural testing of the composite specimens, which had an average thickness of 4.8 ± 0.15 mm and 

width of 12.73 ± 0.02 mm, yielded a maximum flexural stress of 62.06 ± 3.43 MPa over a span of 

114 mm (Figure 4). The obtained flexural and tensile properties define the mechanical performance 
boundaries for the design and evaluation of prosthetic foot prototype. 
 
 

SG

4 

SG

1 

SG

3 

SG

2 
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Table 3. Theoretical predictions and experimental measurements for ramie-PLA 
 

 

   
(a) (b) (c) 

 
Figure 4.  Mechanical properties result, (a) Laminate tensile test, (b) Laminate flexural test, (c) 

EVA tensile test  
 
Figure 5 displays the fracture morphology of a ramie fiber-reinforced PLA composite following 
standard tensile testing. Results from microscopic examination indicate that the main causes of 
failure involve interfacial debonding and uneven fibre fracture. The weak adhesion between ramie 
fibers and the PLA matrix leads to ineffective load transfer under tensile stress, indicating 
suboptimal composite performance. At higher SEM magnification, the visible gaps between fibers 
indicate adhesive failure. The observed debonding and delamination phenomenon indicates that the 
fibers are more likely to separate from the matrix before fracturing. This suggests a significant 
portion of the energy absorbed during deformation is released through fiber-matrix separation 
rather than fiber fracture. 
 

  
(a) (b) 

 
Figure 5. Fracture in ramie-PLA tension test with SEM magnification, (a) Debonding, (b) 

Delamination 
 

Properties 
Theoretical 
predictions 

Experimental measurements Unit 

(𝜎𝑥
𝑇)ult 48.38  48.36 ± 0.95 MPa 

(𝜎𝑦
𝑇)ult 48.38 48.36 ± 0.95 MPa 

E1 4.67 4.125 ± 0.25 GPa 

E2 4.67 4.125 ± 0.25 GPa 

Delamination 

Debonding 

https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/


 

126 

Teknomekanik, Vol. 8, No. 1, pp. 117-135, June 2025 
e-ISSN: 2621-8720   p-ISSN: 2621-9980 

 

©
 T

he
 A

ut
ho

r(
s)

  
P

ub
lis

he
d 

by
 U

ni
ve

rs
it

as
 N

eg
er

i P
ad

an
g.

 
T

hi
s 

is
 a

n 
op

en
-a

cc
es

s 
ar

ti
cl

e 
un

de
r 

th
e:

 h
tt

ps
:/

/
cr

ea
ti

ve
co

m
m

on
s.

or
g/

lic
en

se
s/

by
/

4.
0/

 
 

3.2 Design and analysis 
 
The prosthetic foot was designed to meet dynamic performance requirements during walking, 
particularly during heel strike and toe-off phases. The minimum thickness required for the laminate 
structure was determined based on the dynamic tensile strength and quasi-isotropic configuration 
of the ramie-PLA composite. The calculated minimum thicknesses were 11.2 mm for heel-strike 

and 18.2 mm for toe-off conditions. With a single layer thickness of 0.35 mm, this aligns to 32 
layers for the heel segment and 52 layers for the toe-off segment. The stress limits based on the 

fatigue criterion were (𝜎𝑥
𝑇)ftg = 20.36 MPa, (𝜎𝑦

𝑇)ftg = 20.36 MPa, (𝜏𝑥𝑦)ftg = 14.36 MPa, (𝜎𝑥
𝐶)ftg 

= 16.19 MPa, & (𝜎𝑦
𝐶)ftg = 16.19 MPa. 

 

  
(a) (b) 

 
Figure 6. Design of prosthetic foot, (a) 3D Model of prosthetic foot, (b) Exploded view of 

prosthetic foot 
 
The finite element analysis model uses an optimized mesh with an element size of 2 mm to model 
the prosthetic foot design. Figure 7 and Figure 8 illustrate the loading, stress distributions, and 
deformation results for both gait phases. The simulation results showed compressive normal stresses 

of -11.44 MPa to +17.78 MPa (heel strike phase) and −12.28 MPa to +12.38 MPa (toe-off phase). 
All these values remained within the fatigue stress threshold. Shear stress values ranged from 

−2.37 MPa to +1.71 MPa during heel strike, and from −6.96 MPa to +5.69 MPa during toe-off. 
All values remained within safe limits. 
 

  
(a) (b) 

  
 

(c) 
 

(d) 

 
Figure 7. FEM Analysis in heel strike phase, (a) Force apply, (b) Normal stress, (c) Shear stress, 

(d) Total deformation 
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(a) (b) 

  
(c) (d) 

 
Figure 8. FEM Analysis in Toe-Off Phase, (a) Force apply, (b) Normal stress, (c) Shear stress, 

(d) Total deformation 
 

Connector deformation analysis indicated deflections of −10.4 mm in heel strike and −13.82 mm 
in toe-off, consistent with expected displacements during gait. To further validate structural safety, 
the Tsai-Wu and Norris–McKinnon failure criteria were applied using the stress values obtained 
from the FEA. Multiaxial stress nodes were plotted onto the failure envelope Figure 9, which 
confirmed that the proposed laminate structure avoids critical fracture and fatigue zones. 
 

 
 
Figure 9.  Multiaxial node stress result on failure envelope 
 
These simulation results confirm that the prosthetic foot design, employing ramie-PLA composite 
with a quasi-isotropic layup, satisfies dynamic mechanical requirements for lower-limb prosthetics 
under repetitive gait loading conditions [49], [50], [51]. Utilizing normal and shear stress values 
obtained from the ANSYS analysis, a failure envelope was constructed based on the Tsai-Wu and 
Norris-McKinnon failure criteria to identify potential fracture and fatigue zones in the design. The 
failure analysis confirms that the proposed prosthetic foot design effectively avoids the failure fatigue 
zones. These ensure its structural integrity and reliability under all anticipated loading conditions. 
 
3.3 Prosthetic production 
 

The layup followed a [0°/90°/45°] sequence to ensure quasi-isotropic mechanical behavior. Each 
segment was placed in a mold cavity shaped to match the anatomical contour of a transtibial 
prosthetic foot. A release fabric was applied to the mold surfaces to facilitate easy removal of the 
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cured laminate. Figure 10 displays the main manufacturing steps, including the hot press molding 
and laser cutting processes. 
 

  
(a) (b) 

 
Figure 10. Manufacturing process of prosthetic foot, (a) Hot press process, (b) Laser cutting 

process 
 
3.4 Prosthetic static result 
 
The results indicated that the maximum measured stress values remained within acceptable limits 
in ANSYS finite element analysis, verifying the structural integrity of the prosthetic foot design. 
The displacement was also measured by the testing machine and compared to the design results. 
 

  
 

(a) 
 

(b) 
 
Figure 11. Simulation and experimental, (a) Displacement of prosthetic Foot, (b) Maximum 

stress of prosthetic foot 
 
The comparison of actual deflection and the simulation data reveals critical insights into the accuracy 
and reliability of the computational model (Figure 11). The simulation data indicated a lower 
deflection value compared to the experimental test results. The graph shows that the actual 
deflection values were greater than the simulated values. Specifically, for the toe-off condition, the 
actual deflection was 15.04 mm, while the simulated deflection was 13.81 mm. Similarly, for the 
heel strike condition, the actual deflection was 14.28 mm, whereas the simulated deflection was 
10.4 mm. The observed discrepancy between the simulation data and experimental results can be 
attributed to several factors. Those factors are simplifications in the calculation of laminate material 
properties within the simulation model, potential differences in boundary conditions between the 
idealized computational model and the physical test setup, as well as the inherent limitations of 
finite element analysis in accurately capturing the complex mechanical behavior of composite 
structures. The comparison of the actual stress measurements and the simulation data underscores 
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the fidelity and predictive capability of the computational modeling approach utilized in this 
investigation. 
 
The comparison of actual stress measurements and the simulation data reveals differences in the 
stress values. In particular, the actual maximum stress during the heel strike phase was 12.72 MPa 
at the surface of the strain gauge 3, while the simulated value was 17.78 MPa. Similarly, for the 
toe-off phase, the actual stress was 20.09 MPa at the surface of the strain gauge 1, whereas the 
simulated stress was 12.38 MPa. The observed discrepancies between experimental and simulated 
stress likely stem from simplifications in the material modeling, idealized boundary conditions, and 
inherent limitations of finite element methods in capturing the complex behavior of composites. 
The static testing results demonstrated that the actual stress measurements were within the 
acceptable fatigue stress limits, thereby validating the structural integrity of the prosthetic foot 
prototype. 
 
4. Conclusion  
 
This study designed, developed, and experimentally evaluated a sustainable ramie fiber/PLA 
composite prosthetic foot prototype fabricated via hot press prepreg. The composite demonstrated 
suitable mechanical properties for prosthetic applications. The observed variations between ANSYS 
simulations and experimental data from inherent differences between idealized computational 
models and physical testing environments. Specifically, computer simulations rely on perfect 
geometries, boundary conditions, and uniform material properties. Unlike simulation, 
experimental testing introduces measurable variations inherent to physical systems. One 
contributing factor is the manufacturing process of the prosthetic foot; slight inconsistencies in fiber 
alignment, layer thickness, and PLA distribution create local differences in stiffness and stress 
response. These variations are difficult to replicate exactly in the model, resulting in some 
discrepancy between predicted and observed behavior. Furthermore, the physical test setup itself 
can contribute to differences. Fixture tolerances, imperfect clamping, and alignment errors may 
affect the application and distribution of load. In certain cases, slippage at the support interfaces, 
particularly during high-strain phases (heel strike or toe-off), can absorb part of the load. Thus, 
reducing measured stress values. Friction, minor lateral movement, and flexibility in the test 
apparatus are further sources of deviation not typically captured in simulation. Finite element 
analysis using a quasi-isotropic lamina lay-up validated the design. It confirms that all stresses under 
simulated gait phases remained within fatigue limit thresholds, as well as the static testing results. 
The experimental stress measurements align closely with simulation predictions. These remained 
below the fatigue stress limit, confirming the mechanical integrity of the structure under load. The 
ramie-PLA composite prosthetic foot prototype exhibits significant promise as a sustainable and 
economically viable solution for individuals with lower-limb amputations, particularly in resource-
constrained environments.  
 
Building upon the encouraging outcomes of static testing, future studies will prioritize dynamic and 
fatigue in vitro assessments to evaluate the prototype's long-term resilience under cyclical loading 
conditions. These evaluations are designed to replicate real-world usage patterns and ensure 
sustained mechanical reliability. Furthermore, future investigations will examine enhancements in 
ergonomic design and gait performance to optimize user comfort and functionality. Clinical studies 
involving amputee subjects are scheduled to assess safety, performance, and user satisfaction in 
authentic settings. These measurements are crucial for validating the prototype’s efficacy beyond 
controlled laboratory conditions and aligning its development with real-world needs. With its cost-
effective and biodegradable material composition, this prosthetic model offers a compelling 
alternative to conventional designs. To foster widespread impact, the research team will perform 
cost-benefit analyses, engage with local prosthetic manufacturers, and establish partnerships with 
NGOs and healthcare networks. These initiatives aim to facilitate commercialization, clinical 
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integration, and extensive distribution, particularly for marginalized populations. These solidify the 
study's significance and societal contribution. 
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Nomenclature  
 

Symbol  Description Unit 

(𝜎1
𝑇)ult = Ultimate tensile stress in the longitudinal (fiber) direction (1-direction) MPa 

(𝜎2
𝑇)ult = Ultimate tensile stress in the transverse direction (2-direction) MPa 

(𝜏12)ult = Ultimate in-plane shear stress between the 1- and 2-directions of the composite MPa 

(𝜎1
𝑐)ult = Ultimate compressive stress in the longitudinal direction MPa 

(𝜎2
𝑐)ult = Ultimate compressive stress in the transverse direction MPa 

(𝜎𝑥)𝑢𝑙𝑡  = Ultimate stress in the x-direction (global coordinate) MPa 

(𝜎𝑦)
𝑢𝑙𝑡

 = Ultimate stress in the y-direction (global coordinate) MPa 

(𝜏𝑥𝑦)
𝑢𝑙𝑡

 = Ultimate shear stress in the xy-plane (global coordinate) MPa 

E1 = Elastic modulus in the longitudinal direction GPa 

E2 = Elastic modulus in the transverse direction GPa 

G12 = In-plane shear modulus GPa 

v12 = Major Poisson’s ratio, i.e., transverse strain due to longitudinal stress - 

σx = Normal stress in the x-direction (global coordinate) MPa 

σy = Normal stress in the y-direction (global coordinate) MPa 

τxy = Shear stress in the xy-plane (global coordinate) MPa 

θ = Fiber orientation angle with respect to the x-axis º 

Cos , Sin = Cosine and sine of the fiber orientation angle θ º 

σdn = Dynamic Stress Criterion MPa 

M = Bending moment applied to the beam Nmm 

y = Distance from the neutral axis to the outermost fiber mm 
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I = Second moment of area (moment of inertia) of the beam cross-section mm4 

B = Width of the beam or specimen mm 

H = Height or thickness of the beam or specimen mm 

hmin = Minimum height required to resist the bending stress without failure Mm 

H1 = Linear coefficient related to tensile and compressive strength in the 1-direction MPa-1 

H11 = Quadratic coefficient for the stress interaction in the 1-direction MPa-2 

H2 = Linear coefficient related to tensile and compressive strength in the 2-direction MPa-1 

H22 = Quadratic coefficient for the stress interaction in the 2-direction MPa-2 

H6 = Linear coefficient for shear stress τ12\tau_[2]τ12 (often zero in symmetric cases) MPa-1 

H66 = Quadratic coefficient for in-plane shear stress interaction MPa-2 

H12 = 
Interaction coefficient between tensile and compressive stress in the 1-direction, 
typically used in quadratic failure criteria 

MPa-2 

η = fatigue sensitivity index - 

σm = Mean Fatigue stress MPa 

σa = Fatigue stress amplitude MPa 

σut = Ultimate tensile strength MPa 

Sm = The new modified stress level - 
N = The number of fatigue life cycles to failure cycle 
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