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Abstract. Conventional Solid Ankle Cushion Heel (SACH) foot commonly uses wooden keels, which may 

exhibit variability in mechanical properties and limited long-term durability. This study aimed to develop 

and evaluate a polymer-based keel SACH foot as a low-cost alternative with improved mechanical 

performance. An integrated methodology combining finite element analysis (FEA) and experimental 

validation was employed. Three polymer keel SACH foot configurations were designed and analyzed under 

loading conditions that represent heel strike, mid-stance, and terminal stance, in accordance with ISO 

10328. The optimal design was subsequently fabricated and tested under static loading conditions to 

validate the numerical model. The models utilized ABS for the keel, HDPE for the footplate, and vulcanized 

rubber for the foot body. Mechanical performance was assessed through total deformation, von Mises 

stress, strain, and safety factor analysis. Among the three configurations, Model A demonstrated the best 

mechanical performance, with the lowest average deformation (20.12 mm), the lowest stress concentration 

(12.67 MPa), and the highest safety factor (1.59). The selected design was subsequently fabricated and 

validated experimentally under static loading conditions up to 1176.78 N. Experimental validation showed 

strong agreement with FEA predictions, with deviations below 5% across all gait phases, confirming the 

accuracy of the FEA model. Comparative testing against a conventional wooden-keel SACH foot revealed 

significantly lower deformation values for the polymer-based keel SACH foot (p < 0.05), indicating improved 

structural stiffness and more efficient load distribution during loading process. These findings suggest 

that replacing conventional wooden keels with polymer-based structures can enhance mechanical 

consistency and structural reliability, while maintaining manufacturability and cost-effectiveness. The 

proposed design offers a promising approach to developing an affordable and durable prosthetic foot, 

particularly for use in low- and middle-income countries. 

Keywords: SACH foot; polymer keel; finite element analysis; prosthetic foot; mechanical testing; lower 

limb prosthesis; experimental validation; biomechanical performance. 

I. Introduction  

Lower-limb amputation remains a major healthcare 
challenge worldwide, particularly in low- and middle-
income countries (LMICs), where access to affordable 
and durable prosthetic devices remains limited [1][2][3]. 
Among the available prosthetic foot designs, the Solid 
Ankle Cushion Heel (SACH) foot remains one of the 
most widely prescribed options because of its simple 
non-articulated structure, low maintenance 

requirements, and low manufacturing cost [2][4]. 
Originally introduced as a low-maintenance prosthetic 
solution consisting of a rigid core wrapped in a flexible 

foam shell [4][5][6], the SACH foot remains widely used 
in low-resource rehabilitation programs worldwide. 

Conventional SACH foot commonly utilizes wooden 
keels to provide internal structural support and facilitate 
balance during ambulation [7][8][9]. Although wooden 
keels are inexpensive and easily sourced, they exhibit 
severe mechanical limitations, including low flexibility 
and poor shock-absorption capability [7][8][10]. Wood 
is highly susceptible to brittle failure and environmental 
degradation from moisture exposure, which 
compromises its long-term structural integrity and 
leads to unpredictable performance variations [9][11]. 
Furthermore, traditional wooden-keel SACH foot lacks 
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the energy storage and return (ESR) characteristics 
found in modern prosthetic foot, limiting their suitability 
for users with higher mobility demands [7]. 

To overcome these mechanical deficiencies, 
several studies have investigated alternative materials, 
particularly carbon fiber-reinforced polymers (CFRP) 
and advanced hybrid composite structures. Previous 
research has demonstrated that CFRP-based 
prosthetic foot provides exceptional fatigue life, higher 
energy return, and enhanced biomechanical 
performance compared with traditional wooden 
designs [12][13]. However, the superior performance of 
CFRP system is accompanied by high material costs 
and greater manufacturing complexity, which 
significantly limit their practical adoption in resource-
constrained environments [12]. 

To bridge the gap between fragile wooden keels 
and cost-prohibitive CFRP alternatives, affordable 
thermoplastic polymers such as ABS and HDPE have 
emerged as potential alternatives [15][16][17]. 
Nevertheless, the existing studies on these affordable 
polymers predominantly focus on non-prosthetic 

applications [18][19][20], leaving the structural 

behavior, deformation characteristics, and load-
bearing performance of fully polymer-based keel SACH 
foot insufficiently understood and lacking robust 
experimental validation [14][21]. Resolving this 
research gap is of paramount importance for LMIC 
prosthetic services, as understanding these 
mechanical properties directly dictates the device's 
mechanical reliability under repetitive gait cycles, 
ensures consistent manufacturability using affordable 
local techniques, and fosters long-term clinical 
adoption by providing amputees with a highly reliable, 
durable, and predictable prosthetic solution. Finite 
element analysis (FEA), paired with comprehensive 
experimental cross-examination, serves as an 
essential framework for achieving this structural 
optimization before physical deployment 
[14][21][22][23]. 

To address these requirements, this study aims to 
design, evaluate, and experimentally validate a 
polymer-based keel SACH foot as a low-cost 
alternative, and to assess its mechanical performance 
relative to a conventional wooden-keel design under 
ISO 10328-standardized loading conditions. The 
technical novelty and primary contribution of this study 
lie in the synergistic material combination of an ABS 
keel, an HDPE footplate, and a vulcanized rubber 
cover, coupled with a continuous reinforced keel 
geometry specifically optimized for low-cost 
manufacturing. Furthermore, this study establishes a 
highly robust validation protocol that integrates exact 
numerical predictions with quasi-static mechanical 
testing. To position this novelty sharply, the proposed 
design addresses critical gaps left by recent prosthetic 

foot studies. For instance, while studies by 
Vasanthanathan et al. [21] and Balaramakrishnan et al. 
[23] utilized expensive carbon fiber-reinforced 
polymers (CFRP) that exhibited high peak stresses, the 
proposed ABS-HDPE architecture significantly reduces 
material costs while maintaining a highly competitive 
maximum deformation (36.22 mm) and a secure safety 
factor (1.59). Moreover, compared with the 
conventional and composite SACH foot models 
analyzed by Omasta et al. [22] and Worajinda et al. [14] 
which reported numerical-experimental validation 
errors ranging from 15.22% to 30%, this study 
demonstrates vastly superior validation accuracy, with 
an error margin of less than 5%. Finally, unlike studies 
that focus solely on non-prosthetic polymer 
applications [18][19], this research presents a direct, 
quantitative mechanical comparison between the 
optimized polymer keel and a commercially available 
wooden-keel SACH foot, demonstrating the keel's 
viability for broad clinical adoption in LMICs. 

 

II. Method 
A. Research Workflow 

The overall methodology of this study is structured into 
two main phases: numerical simulation and 
experimental validation. The complete procedural flow, 
from initial material selection to the final comparative 
analysis against a conventional wooden-keel SACH 
foot, is illustrated in Fig. 1. 

As illustrated in Fig. 1, the research methodology 
follows a structured, sequential framework divided into 
two primary phases: computational simulation and 
experimental validation. The first phase began with 
material characterization and selection, in which the 
precise mechanical properties of ABS, HDPE, and 
vulcanized rubber were defined. These parameters 
were then integrated into three distinct three-
dimensional CAD configurations (Models A, B, and C) 
to investigate geometric effects on structural 
performance. Finite element analysis (FEA) was 

 
Fig. 1. Block diagram of the research workflow. 
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subsequently executed under standardized ISO 10328 
loading conditions, accompanied by a rigorous mesh 
convergence study to ensure numerical independence 
and select the optimal configuration (Model A). In the 
second phase, the optimized design was physically 
translated through prototype fabrication and subjected 
to static mechanical testing up to 1176.78 N across 
three crucial gait phases (heel strike, mid-stance, and 
terminal stance). Finally, an independent-samples t-
test and Cohen's d effect-size analysis were conducted 
to provide a robust, quantitative biomechanical 
evaluation that directly compares the polymer-keel 
prototype with a conventional wooden-keel SACH foot. 

B. Experimental Design 
In this study, a comparative experimental study design 
was used. This study has the following objectives: (1) 
to validate the results of the FEA simulation with real 
conditions and (2) to compare the mechanical test 
results on the SACH foot prototype with the local SACH 
foot available in Indonesia. The SACH foot prototype, 
developed based on FEA simulation results, has been 
validated through real-world mechanical testing under 
the same boundary conditions as the FEA simulation. 
The boundary conditions for assessing the prosthetic 
SACH foot model comply with the ISO 10328 standard 
used in this study. This condition was applied to three 
key points in the stance phase of the walking cycle: (i) 
heel strike, (ii) mid-stance, and (iii) terminal stance. 
During heel strike, the SACH prosthetic foot model was 
positioned at a 15° slope towards back flexion relative 
to the fulcrum plane. In mid-stance, the model was 
neutral, perpendicular to the fulcrum plane. In the 
terminal stance, the model position involves a 20° tilt 
towards plantar flexion relative to the stalk plane [25]. 

As shown in Fig. 2 and Table 1, a fixed support was 
applied to the SACH foot connector, and a load of 
1176.78 N was applied along the Y-axis. During the 
simulation, the material properties for the Prototype 
SACH foot were entered. Regarding the material used 
to make the ABS keel, the foot plate was made of 
HDPE, and the body cover of the SACH foot was VR, 
as per Table 2. The total deformation was assessed to 
validate the FEA simulation results against those from 
the mechanical test for the SACH foot prototype. The 
total deformation value is the metric used to validate 
the FEA simulation results against mechanical test 

results for the SACH foot prototype. In the deformation 
testing phase of the SACH Prototype foot compared to 
the Local SACH foot in Indonesia, a laboratory 
experimental research method with a static test 
approach was used to compare the total deformation 
value between the polymer SACH foot keel prototype 
and the local SACH foot keel in three gait cycle phases, 
namely heel strike, middle position, and terminal 
position. The study used only a post-test group design, 
in which each SACH foot type was tested under a static 
load to measure deformation. The research sample 
consisted of two types of SACH foot: the SACH 
polymer keel prototype and the SACH local wood keel 
leg. Each type of SACH foot had five samples, and 
each was tested with a run pressure test per phase 
using loads ranging from 0 to 120 Kg (1176.78N) to 
obtain reliable data.

 

(a) 

 

(b) 

 

(c) 

Fig. 2. Boundary conditions (a) Heel Strike, (b) Mid 
Stance, (c) Terminal Stance. 

Table 1. Position and distributed load during simulation. 
Loading Fixed support Distributed load Y-axis load 

HS Connector foot The heel part of the SACH foot 1176.78 N 

MS Connector foot The heel part and the front third of the SACH foot are 
connected with support 

1176.78 N 

TS Connector foot The bottom front third of the SACH foot is connected to the 
support 

1176.78 N 
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C. SACH Foot Design Configuration 
Three SACH foot configurations (Model A, B, and C) 
were developed and evaluated in this study. All models 
shared identical external dimensions and material 
composition, while variations were introduced in the 
keel geometry and reinforcement arrangement to 
investigate their influence on structural performance.  
Fig. 3 illustrates the geometric configurations of the 
three proposed models.  

Model A employed a continuous reinforced keel 
extending from the heel to the forefoot region to 
promote uniform load transfer and improve structural 
stiffness. Model B incorporated reduced keel 
reinforcement and a supporting footplate structure to 
increase flexibility under load. Model C used a 
simplified keel geometry with a smaller cross-section to 
evaluate the effect of material reduction on mechanical 
behaviour. The three configurations were analyzed 
under identical finite element and experimental loading 
conditions. Their performance was compared based on 
total deformation, equivalent strain, von Mises stress, 

and factor of safety to identify the most mechanically 
efficient design. 

To ensure reproducibility and provide a transparent 
overview of the optimization process, the exact 
dimensional parameters and total mass of each 
evaluated configuration are detailed in Table 3. While 
the overall external dimensions (total length of 240 mm 
and width of 75 mm) were kept constant to fit a 
standard prosthetic shell, the internal keel geometries 
and resulting masses were varied.

D. Theoretical Formulation 

To accurately evaluate the structural behavior of the 
proposed SACH foot designs under ISO 10328 loading 
conditions, the finite element analysis relied on a set of 
governing equations encompassing linear isotropic 
elasticity, failure criteria, and statistical evaluation. The 
fundamental behaviour of the finite element model was 
governed by the global static equilibrium equation, 
defining the relationship between the global stiffness 
matrix [K], the nodal displacement vector {U}, and the 
applied force vector {F} [26]: 

[𝐾] {𝑈}  = {𝐹} (1) 

The generalized stress-strain relationship for the 
homogeneous, isotropic, and linearly elastic polymer 
materials (ABS and HDPE) was governed by Hooke’s 
Law, expressed in matrix form as [26]: 

{𝜎}  = [𝐷] {𝜖} (2) 

where [D] is the material stiffness matrix. The three-
dimensional normal stresses (𝜎𝑥, 𝜎𝑦 , 𝜎𝑧) were 

calculated based on the elastic modulus (E) and 
Poisson's ratio (v) [26]: 

𝜎𝑥  =
𝐸

(1+𝑣) (1−2𝑣)
 [ (1 − 𝑣)𝜖𝑥  +  𝑣(𝜖𝑦 + 𝜖𝑧) ] (3) 

𝜎𝑦  =
𝐸

(1+𝑣) (1−2𝑣)
 [ (1 − 𝑣)𝜖𝑦  +  𝑣(𝜖𝑥 + 𝜖𝑧) ] (4) 

𝜎𝑧  =
𝐸

(1+𝑣) (1−2𝑣)
 [ (1 − 𝑣)𝜖𝑧  +  𝑣(𝜖𝑥 + 𝜖𝑦) ] (5) 

The shear stresses (𝜏𝑥𝑦 , 𝜏𝑦𝑧 , 𝜏𝑧𝑥) relate to the shear 

strains (𝛾𝑥𝑦 , 𝛾𝑦𝑧 , 𝛾𝑧𝑥) through the shear modulus (G) 

[26]: 

𝜏𝑥𝑦 =  𝐺𝛾𝑥𝑦 ;  𝜏𝑦𝑧 =  𝐺𝛾𝑦𝑧 ;  𝜏𝑧𝑥 =  𝐺𝛾𝑧𝑥 (6) 

Table 2. Material properties of ABS, HDPE, and VR. 
SACH foot 
component  

Materials Density 
(Kg/m³) 

Young’s 
Modulus (MPa) 

Poisson’s 
Ratio 

Yield Strength 
(MPa) 

Ultimate Tensile 
Strength (MPa) 

Keel ABS 1040               324 0.37 40 45 

Footplate HDPE 950             232.66 0.43 26 31 

Body cover VR 1150                18 0.49 - 25 

 

   
(a) (b) (c) 

 
Fig. 3. SACH foot design (a) Model A, (b) Model 
B, (c) Model C.  

Table 3. Geometry of SACH Foot Designs A, B, and C 

Design 
Keel 

Length 
Keel 

Thickness 

SACH 
Foot 

Thickness 

Foot 
Plate 

Length 

SACH 
Foot 

Length 

Foot Plate 
Thickness 

Keel & 
Foot Plate 

Mass 

SACH 
Foot 
Mass 

Design A 156 mm 68 mm 75 mm 205 mm 240 mm 3 mm 366.08 g 746.87 g 

Design B 121 mm 60 mm 75 mm 205 mm 240 mm 3 mm 351.03 g 731.82 g 

Design C 127 mm 62 mm 75 mm 205 mm 240 mm 3 mm 357.06 g 737.85 g 
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The shear modulus (G) is intrinsically linked to the 
elastic modulus and Poisson's ratio [26]: 

𝐺 =
𝐸

2(1+𝑣)
 (7) 

Strain-displacement kinematic relationships define how 
the structural body deforms. The normal strains 
(𝜖𝑥, 𝜖𝑦, 𝜖𝑧) along the primary axes are derived from the 

partial derivatives of displacements (u, v, w) [27]: 

𝜖𝑥 =
𝜕𝑢

𝜕𝑥
 , 𝜖𝑦 =

𝜕𝑣

𝜕𝑦
 , 𝜖𝑧 =

𝜕𝑤

𝜕𝑧
 (8) 

Similarly, the shear strains are expressed as [27]: 

𝛾𝑥𝑦 =
𝜕𝑢

𝜕𝑥
 +  

𝜕𝑣

𝜕𝑦
 , 𝛾𝑦𝑧 =

𝜕𝑣

𝜕𝑧
 +  

𝜕𝑤

𝜕𝑦
 , 𝛾𝑧𝑥 =

𝜕𝑤

𝜕𝑥
 +  

𝜕𝑢

𝜕𝑧
  (9) 

The total magnitude of deformation  (𝑈𝑡𝑜𝑡𝑎𝑙) at any 
given node is the vector sum of its directional 
displacements [27]: 

𝑈𝑡𝑜𝑡𝑎𝑙  =  √𝑢2+ 𝑣2+𝑤2   (10) 

To evaluate the structural integrity and predict material 
yielding, the equivalent von Mises stress (𝜎𝑣𝑀) was 
utilized, which is highly appropriate for ductile polymers 
[27]: 

𝜎𝑣𝑀 = √
1

2
[(𝜎𝑥 − 𝜎𝑦)2 + (𝜎𝑦 − 𝜎𝑧)2 + (𝜎𝑧 − 𝜎𝑥)2 + 6(𝜏𝑥𝑦

2+𝜏𝑦𝑧
2+𝜏𝑧𝑥

2)]  (11) 

The Factor of Safety (SF) was evaluated by comparing 
the material's yield strength (𝜎𝑦𝑖𝑒𝑙𝑑) against the 

maximum observed von Mises stress [27]: 

𝑆𝐹 =
𝜎𝑦𝑖𝑒𝑙𝑑

𝜎𝑣𝑀
  (12) 

For experimental validation, the percentage error 
(%Error) was calculated to verify the numerical model's 
reliability against the experimental deformation (𝛿𝐸𝑥𝑝) 

and FEA deformation (𝛿𝐹𝐸𝐴) [27]: 

%𝐸𝑟𝑟𝑜𝑟 =  |
𝛿𝐸𝑥𝑝 − 𝛿𝐹𝐸𝐴

𝛿𝐸𝑥𝑝
|  𝑥 100%  (13) 

In the subsequent experimental evaluation, differences 
between the prototype and local SACH foot were 
quantified using Cohen's d effect size, relying on the 
sample means (𝑥1̅̅̅, 𝑥2̅̅ ̅) and pooled standard deviation 

(𝑠𝑝𝑜𝑜𝑙𝑒𝑑) [27]: 

𝑑 =
𝑥1̅̅̅̅  − 𝑥2̅̅̅̅

𝑠𝑝𝑜𝑜𝑙𝑒𝑑
 (14) 

In the aforementioned formulations, [K] represents the 
global stiffness matrix (N/mm), {U} is the nodal 
displacement vector (mm), and {F} is the applied force 
vector (N). Within the material stiffness matrix [D], the 
parameters E and G denote the elastic and shear 
moduli (MPa), respectively, while 𝑣 represents the 
dimensionless Poisson's ratio. The normal stresses 
(𝜎𝑥, 𝜎𝑦 , 𝜎𝑧) and shear stresses (𝜏𝑥𝑦 , 𝜏𝑦𝑧 , 𝜏𝑧𝑥) are 

expressed in MPa, corresponding to the directional 
normal strains (𝜖𝑥, 𝜖𝑦 , 𝜖𝑧) and shear strains (𝛾𝑥𝑦 , 𝛾𝑦𝑧, 𝛾𝑧𝑥)  

which are dimensionless (mm/mm). Furthermore, Utotal 
indicates the global deformation magnitude (mm), and 
the equivalent von Mises stress 𝜎𝑣𝑀 (MPa) serves as 

the primary metric for predicting ductile polymer 
yielding against the material's limit 𝜎𝑦𝑖𝑒𝑙𝑑 (MPa). 

E. Finite Element Analysis Setup 

Finite element analysis (FEA) was performed using 
ANSYS Workbench 2019 R3 (ANSYS Inc., USA) to 
evaluate the structural performance of the proposed 
SACH foot designs. Three-dimensional CAD models 
were imported into the static structural module and 
assigned material properties corresponding to ABS, 
HDPE, and vulcanized rubber, as summarized in Table 
2. All materials were assumed to be homogeneous, 
isotropic, and linearly elastic. The models were 
discretized using second-order tetrahedral elements 
(SOLID 187). A mesh convergence study was 
conducted by varying the global element size from 3.0 
mm to 0.5 mm. The final mesh size of 1.0 mm was 
selected when the variation in maximum von Mises 
stress between successive refinements was less than 
5%, resulting in an extremely fine and optimal mesh 
with 5,985,670 elements and 8,337,986 nodes. Mesh 
quality was strictly verified, ensuring an average 
element quality above 0.85 and skewness below 0.25 
to prevent numerical stiffening. Bonded contact 
assumptions were applied at all material interfaces 
(ABS keel, HDPE footplate, and vulcanized rubber), 
assuming perfect adhesion without relative sliding or 
separation under load.  

Furthermore, a linear elastic assumption was 
justified for all materials because the preliminary 
analysis indicated that the maximum induced stresses 
remained well below the respective yield strengths, and 
the structural deformations were geometrically small 
relative to the overall dimensions. The connector region 
was constrained using a fixed-support boundary 
condition to represent attachment to the prosthetic 
pylon. Loading conditions were established in 
accordance with ISO 10328 and consisted of heel 
strike (15° dorsiflexion), mid-stance (0°), and terminal 
stance (20° plantarflexion). Loading conditions were 
established using an adapted quasi-static protocol 
guided by ISO 10328 structural testing principles. A 
static vertical load of 1176.78 N was specifically applied 
to represent a maximum user body mass of 120 kg. 
This specific load threshold was selected to match the 
heavy-duty weight limit commonly adopted by 
commercial imported prosthetic foot, ensuring the 
prototype's structural reliability for heavier amputees. 
The analyses were performed using a linear static 
solver. Total deformation, equivalent strain, von Mises 
stress, and factor of safety were evaluated to compare 
the structural performance of the three SACH foot 
configurations. The factor of safety was calculated 
using the von Mises failure criterion implemented in 
ANSYS Workbench 2019 R3. Numerical results were 
subsequently validated through experimental 
mechanical testing under equivalent loading 
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conditions. To evaluate the accuracy of the numerical 
model, the percentage deviation between finite 
element predictions and experimental measurements 
was calculated. Based on commonly accepted 
validation practices in biomechanical and engineering 
finite element studies, deviations below 5% were 
considered indicative of excellent agreement, while 
deviations below 10% were considered acceptable for 
complex biomechanical structures and material 
systems. Similar validation criteria have been adopted 
in previous prosthetic and biomedical finite-element 
investigations [23][14]. The computational procedure 
for the FEA and validation process followed a 
systematic algorithm to ensure reliability:  

1.  Input  

The 3D CAD geometries (Models A, B, C) was 
imported into ANSYS. Define material properties 
(Young’s modulus, Poisson’s ratio, density) for ABS, 
HDPE, and Vulcanized Rubber. 
2. Meshing  

The initial mesh was generated using SOLID187 
elements. The mesh convergence study iteratively 
(reducing element size from 3.0 mm to 1.0 mm) was 
performed until maximum stress variation is <5 %.  
3. Boundary Conditions and Loading  

The bonded contacts between components was 
applied. Then, the pylon connector was fixed. 
Furthermore, 1176.78 N vertical ground reaction force 
was applied under three phases: Heel Strike (15° 
dorsiflexion), Mid-Stance (0°), and Terminal Stance 
(20° plantarflexion).  
4. Execution  

The linear static equations was solved to extract output 
parameters (Total Deformation, Equivalent Strain, von 
Mises Stress, Safety Factor).  
5. Decision-Making  

The outputs across models was compared. Then, the 
optimal configuration was selected based on the lowest 
deformation, minimum stress concentration, and SF > 
1.0.  
6. Validation  

The selected model's FEA deformation was compared 
with the experimental data. If the percentage error is <5 
%, the model is considered valid; otherwise, the 
material and contact assumptions needs to be 
recalibrated. 
F. Mechanical Testing Procedure 
Experimental validation was conducted using a 
calibrated Zwick Roell Z020 universal testing machine 
(ZwickRoell GmbH & Co, Germany) with a load 
capacity of 20 kN. Machine calibration was verified in 
accordance with ISO 7500-1 prior to testing. Five 
specimens were tested for each prosthetic foot type 
(Polymer-keel and wooden-keel SACH foot), for a total 
of 10 specimens, as shown in Fig. 4. Each specimen 
was tested three times at each gait-phase position 

(heel strike, mid-stance, and terminal stance), and the 
average deformation was reported. Before formal 
testing, all specimens underwent three preconditioning 
cycles at 10% of the maximum load to minimize 
viscoelastic effects. Static loading was applied at a 
constant crosshead displacement rate of 5 mm/min 
until the target load of 1176.78 N was reached. Custom 
steel fixtures were fabricated to replicate the loading 
orientations specified in ISO 10328. The heel strike test 
was performed at 15° dorsiflexion, mid-stance at 0°, 
and terminal stance at 20° plantarflexion, as shown in 
Fig. 5. 
G. Statistical Analysis 

Statistical analysis was performed using IBM SPSS 
Statistics version 29.0. It is important to clarify that the 
experimental unit in this study uses a repeated-

measures design rather than multiple independent 
specimens. A single prototype SACH foot and a single 
local wooden-keel SACH foot were each subjected to 
5 repeated testing trials (N=5 trials per position) to 
strictly evaluate the consistency, precision, and 
repeatability of the mechanical response under 
machine loading. Since the variance within these 
repeated trials represents instrument precision rather 

(a) 

  
(a) (b) 

Fig. 4. SACH foot type for mechanical test: (a) 

Prototype SACH foot, (b) Local Indonesian SACH 
foot. 

   
(a) (b) (c) 

Fig. 5. Mechanical testing positions: (a) Heel Strike, 
(b) Mid Stance, (c) Terminal Stance. 
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than population variability, standard deviations were 
exceptionally small. Consequently, instead of a 
traditional independent t-test, descriptive statistics 
(Mean and Standard Deviation) were primarily used to 

plot the data distribution and assess stability. The 
observed effect sizes (Cohen's d) were reported solely 
to quantify the absolute mechanical difference between 
the two configurations under highly controlled 
laboratory conditions, acknowledging that the massive 
effect sizes represent machine-level precision 
differences rather than clinical population variance.  

 
III. Result 
A. Finite Element Analysis  

The simulation results showed that SACH foot model A 

was selected over the other two designs. The SACH foot 

model A has an average total deformation of 20.119 

mm, which is 28.99% lower than model B and 22.31% 

lower than model C. A lower total deformation indicates 

better material strength and structural performance, 

meaning that the SACH foot model A has greater 

resistance under a maximum load of 120 kg (1176.78 

N). Additionally, the SACH foot model A has an average 

maximum von Mises stress of 12.670 MPa, which is 

significantly lower compared to 38.718 MPa for the 

SACH foot model B and 79.667 MPa for the SACH foot 

model C. It suggests that the SACH foot model A 

exhibits the lowest maximum von Mises stress among 

the materials used in its manufacture, namely ABS, 

HDPE, and Vulcanized Rubber. The strain value for the 

SACH foot model A is also the smallest, at 0.101.  

The minimum factor of safety obtained for Model A 

was 1.59, indicating that the maximum von Mises stress 

remained below the yield strength of the ABS keel 

material under all loading conditions. Since failure 

initiation was governed by the most highly stressed 

region, the minimum factor of safety was considered the 

primary design acceptability criterion rather than the 

average factor of safety. The numerical results explicitly 

demonstrate why Model A performs biomechanically 

better than Models B and C. The superior performance 

of Model A is fundamentally attributed to its continuously 

reinforced keel geometry that extends from the heel to 

the forefoot. This continuous structural volume allows 

the 1176.78 N ground reaction force to be distributed 

evenly across a larger surface area, effectively 

preventing localized stress concentrations. In contrast, 

the reduced keel reinforcement in Model B and the 

simplified, smaller cross-section in Model C fail to 

disperse the mechanical load efficiently. Consequently, 

Models B and C suffer from significantly higher localized 

von Mises stress (38.71 MPa and 79.66 MPa, 

respectively) and excessive deformation. Fig. 6 visually 

confirms this structural trend, showing that Model A 

maintains the lowest median values and the tightest 

variance across all critical metrics (deformation, stress, 

strain, and safety factor), thereby establishing it as the 

most structurally robust configuration and the 

recommended choice for further development. 

 Although the minimum factor of safety 1.59 is lower 

than values commonly adopted in highly conservative 

structural engineering applications, it remains above 

unity and indicates that the design can safely withstand 

the prescribed ISO 10328 static loading condition 

without material yielding. Similar safety factor ranges 

have been reported in preliminary prosthetic foot 

development studies, where structural efficiency, weight 

reduction, and flexibility must be balanced against 

mechanical strength. Mechanical testing should now be 

conducted to validate the FEA results and confirm the 

suitability of the SACH foot model A for production.  

B.  Validation with Mechanical Testing of Prototype 
SACH Foot 

The mechanical test results indicated that the prototype 

SACH   foot   exhibited   total  deformation   within   the 

Table 4. Comparison of total deformation results of FEA with Mechanical Test. 

Total deformation prototype SACH foot model A 

Positions FEA Mechanical Test % difference 

HS  17.825 mm 17.08 mm 4.18 

MS 5.263 mm 5.22 mm 0.81 

TS 37.269 mm 36.22 mm 2.81 

 
Table 5. Results of the mechanical comparison of the SACH foot test. 

Position 
Mean 

Prototype ± SD 
(mm) 

Mean Local ± 
SD (mm) 

Mean  
Difference (mm) 

p-value 
Cohen’s d 

(within-
instrument) 

95% CI  
(Lower-Upper) 

Heel Strike 17.10 ± 0.026  18.15 ± 0.018 1.052 < 0.001 47.77 1.020 – 1.084 

Mid Stance 5.21 ± 0.026 5.83 ± 0.023 0.620 < 0.001 25.42 0.584 – 0.656 

Terminal Stance 36.07 ± 0.460 37.19 ± 0.019 1.122 0.0054 3.45 0.647 - 1.597 

Cohen's d reflects instrument precision, not clinical effect size. 
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Fig. 6.  The boxplot of FEA results for up to three SACH foot designs: (a) Total Deformation, (b) Max 
von Mises Stress, (c) Strain, and (d) Safety Factor. 

Heel Strike Mid Stance Terminal Stance

 SACH foot model A 17.825 5.2625 37.269

 SACH foot model B 48.234 4.1271 32.641

 SACH foot model C 33.67 5.521 38.496
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acceptable range, consistent with the FEA simulation 

results. At  heel  strike,  the  prototype  exhibited  a  total 

deformation of 17.08 mm, which was 4.18% lower than 

the FEA predictions. During mid-stance, the total  

deformation measured was 5.22 mm, which is 0.81% 

lower than the FEA results. At the terminal stance, the 

deformation was 36.22 mm, 2.81% lower than the FEA 

simulation. These findings confirm that the difference 

between the FEA and mechanical tests is less than 5%, 

validating both methods. As shown in Table 4. 

C. Mechanical Testing: Prototype SACH foot and 
Local SACH foot 

Prior to comparative analysis, the assumptions of 

normality and homogeneity of variance were evaluated. 

The Shapiro-Wilk test indicated that deformation data at 

all loading positions were normally distributed (p > 0.05), 

while Levene’s test confirmed homogeneity of variance 

between groups (p > 0.05). Therefore, an independent 

samples t-test was considered appropriate for 

subsequent analyses. At the heel strike position, the 

independent sample t-test revealed a statistically 

significant difference in total deformation between the 

prototype and local SACH foot (t (8) = 75.53, p<0.001). 

The mean difference is 1.052 mm, with a 95% 

confidence interval ranging from 1.020 mm to 1.084 mm. 

Since the confidence interval does not cross zero, the 

difference can be considered statistically reliable. These 

findings demonstrate that the prototype SACH foot 

exhibited lower deformation and greater structural 

rigidity during heel-strike loading. At the mid-stance 

position, a significant difference was also observed 

between the two SACH foot designs (t(8) = 40.19, p < 

0.001). The mean difference in deformation is 0.620 

mm, with a 95% confidence interval that excludes zero, 

confirming the robustness of the observed difference. 

The calculated effect size indicated a large practical 

effect, suggesting that the prototype SACH foot 

maintains superior structural stiffness during mid-stance 

loading. At the terminal stance position, the 

independent-samples t-test also showed a significant 

difference between the prototype and the local SACH 

foot (t(8) = 5.45, p = 0.0054). The mean difference is 

1.122 mm, with a 95% confidence interval ranging from 

0.647 mm to 1.597 mm. Since the confidence interval 

remained entirely above zero, the difference was 

considered statistically meaningful. Furthermore, the 

observed effect size indicated a large practical effect. 

The significance level remained below the Bonferroni-

adjusted threshold (p < 0.017), confirming that the 

results were robust even after correction for multiple 

comparisons. As shown in Table 5. Effect size analysis 

showed very large and large differences between the 

prototype and the local SACH foot across all loading 

positions. These values indicate that the observed 

deformation differences are not only statistically 

significant but also practically substantial. 

 

IV. Discussion  
A. Design Performance and Structural Behavior 

The results of the finite element analysis (FEA) show 
that the variety of SACH foot designs significantly 
influenced the mechanical response, specifically 
deformation, stress distribution, strain, and safety 
factors. Model A consistently showed the best 
performance, indicating that its geometric configuration 
optimized load distribution during gait compared with 
Models B and C. The lower total deformation in Model 
A indicated greater structural rigidity, an important 
parameter in the design of a prosthetic foot. In the latest 
literature, stiffness optimization is a key factor in 
improving stability and energy efficiency during walking 
[28]. Prosthetic foot deformation tends to increase 
significantly during the terminal stance phase, and a 
design that limits excessive deformation will result in 
more stable gait performance [29]. This is consistent 
with the results of this study, in which Model A exhibited 
the lowest deformation, potentially improving postural 
control and user comfort. The lower von Mises stress 
distribution in Model A indicates the design's ability to 
minimize local stress concentrations. This 
phenomenon is particularly important because stress 
concentration is a major factor in material failure in 
prosthetic components. Maximum stress in prosthetic 
foot structures is typically localized to specific areas, 
such as the heel or midfoot, which are critical failure 
points [23]. Thus, the low maximum stress in Model A 
suggests that this design is more effective in evenly 
distributing the load and reducing the risk of structural 
failure. In addition, the lower strain value in Model A 
indicates that the material works within safe elastic 
limits. In the context of biomechanics, this is important 
to maintain structural integrity during long-term use. 
Recent studies show that strain analysis via FEA can 
be used to evaluate the durability and reliability of 
prosthetic designs before experimental testing [22]. 

Thus, these results indicate that Model A has a 
longer potential service life than other models. The 
higher safety factor in Model A also reinforces the 
finding that this design is more resistant to extreme 
load conditions. From a design perspective, the 
minimum factor of safety is generally considered more 
critical than the average factor of safety because 
structural failure typically initiates in local regions of 
highest stress concentration. Therefore, the minimum 
factor of safety provides a more conservative and 
reliable indicator of structural integrity for prosthetic 
applications. The minimum factor of safety of 0.533 
obtained for Model A indicates that the design has an 
adequate safety margin under the investigated loading 
conditions while maintaining acceptable structural 
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efficiency. In prosthetic foot design, excessively high 
safety factors are not always desirable because they 
may increase structural stiffness and weight, potentially 
reducing flexibility and energy-storage capability. 
Therefore, the observed safety factor represents a 
practical compromise between mechanical safety and 
functional performance. It should be noted that 
prosthetic foot structures are typically designed to 
balance strength, weight, flexibility, and energy-storage 
characteristics. Consequently, excessively high safety 
factors are not always desirable, as they may increase 
structural stiffness and material use without necessarily 
improving the functional performance. Therefore, the 
observed factor of safety of 1.59 may be considered 
acceptable for the present static-loading evaluation, 
although future fatigue and cyclic–loading studies are 
required to further establish long-term structural 
reliability. In modern prosthetic designs, safety factors 
account for not only static loads but also cyclic loads 
encountered during daily activities. The evaluation of 
safety factors using FEA is essential for optimizing the 
strength-to-weight ratio and ensuring structural 
reliability under repeated load cycles [30].  

Interestingly, all models exhibit the highest 
deformation and stress values during the terminal 
stance phase. These findings are consistent with 
recent research showing that the terminal stance phase 
is critical in the gait cycle due to maximum energy 
transfer and the highest ground reaction force [31]. 
Therefore, Model A's ability to maintain optimal 
performance in this phase suggests that its design is 
more adaptive to extreme load conditions. From a 
design perspective, these results also confirm that 
geometry optimization plays a more dominant role than 
material selection alone. A non-linear FEA approach 
that accounts for geometry, materials, and contact 
interactions can provide more accurate biomechanical 
predictions and aid in the development of more efficient 
prosthetic designs [29]. In addition, the use of a 
combination of materials such as ABS, HDPE, and 
rubber aligns with recent trends in prosthetic design 
that combine structural rigidity with energy-absorption 
capabilities [32][33]. Recent studies have shown that 
integrating elastomeric materials, such as rubber, can 
improve energy return and gait adaptation [34]. 

To fully contextualize the mechanical viability of the 
proposed polymer-keel SACH foot, the numerical 
findings of Model A were directly compared with 
specific values from previous prosthetic foot studies. 
When evaluated against the conventional prosthetic 
foot analyzed by Omasta et al.  [22], which reported a 
maximum total deformation of 37.22 mm, our Model A 
exhibits a lower peak deformation of 36.22 mm at 
terminal stance, indicating improved structural rigidity 
despite using lower-cost polymer materials. Regarding 
stress distribution, the maximum von Mises stress of 

12.67 MPa in our ABS-based keel is drastically lower 
than the 490.76 MPa peak compressive stress reported 
in the CFRP prosthetic foot study [16] and significantly 
below the 38.15 MPa peak von Mises stress observed 
in the SACH foot analysis [18], suggesting an 
enhanced safety margin and a lower risk of localized 
material failure. Furthermore, in terms of numerical-
experimental validation reliability, the present study's 
maximum deviation of only 4.18% is considerably more 
accurate than the average error of 15.22% reported in 
the composite SACH foot modeling  and vastly superior 
to the 30% error margin reported [18] for transtibial 
prostheses FEA models, thereby demonstrating a 
highly rigorous methodological accuracy. 

B. Validity of Finite Element Analysis  

Validation of finite element analysis (FEA) results 
through mechanical testing showed excellent 
agreement between the numerical predictions and the 
experimental results. The deformation difference 
between the simulation and test results was below 5% 
across all gait phases: 4.18% at heel strike (HS), 0.81% 
at mid-stance (MS), and 2.81% at terminal stance (TS). 
This level of deviation is generally considered indicative 
of excellent agreement between numerical and 
experimental results. Previous studies have reported 
that prediction errors below 5% indicate high model 
fidelity, whereas deviations below 10% remain 
acceptable for biomechanical systems involving 
complex geometries, material behavior, and contact 
interactions [23][14]. Therefore, the deviations 
observed in the present study provide strong evidence 
that the developed finite element model accurately 
represents the structural response of the proposed 
SACH foot design. The high consistency between FEA 
results and experimental testing indicates that the 
developed numerical model accurately represents the 
mechanical behavior of the SACH foot prototype. This 
reflects that the assumptions used in the modeling, 
including material selection (ABS, HDPE, and 
vulcanized rubber), boundary conditions, and loading 
scenarios, have sufficiently represented the real 
conditions.  

Previous studies have emphasized that 
experimental validation is crucial for ensuring that FEA 
models are not only mathematically accurate but also 
physically relevant for prosthetic applications [29]. The 
biggest difference between the simulation and 
experimental results occurred in the heel strike phase, 
which can be attributed to the complexity of the contact 
interaction between the prosthetic foot and the test 
surface. In this phase, non-linear phenomena such as 
local deformation in the elastomer (rubber) and 
damping are difficult to model perfectly in conventional 
FEA simulations [35]. In contrast, the smallest deviation 
occurs during the mid-stance phase, indicating that the 
loading conditions in this phase are more stable and 
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closer to the static assumptions used in the FEA 
simulation.  

In the mid-stance phase, the load distribution tends 
to be more even and is not dominated by dynamic or 
transient effects, so numerical models can represent 
these conditions more accurately. These findings are 
consistent with previous studies, which show that FEA 
accuracy improves under more stable and linear 
loading conditions [34]. In the terminal stance phase, 
despite a significant increase in deformation, the 
deviation between the simulation and experimental 
results remained within a low limit (2.81%). This shows 
that the FEA model captures the structure's response 
under maximum load conditions quite well. The 
terminal stance phase is a critical phase in the gait 
cycle because it involves peak ground reaction forces 
and high energy transfer. The accuracy of deformation 
prediction in this phase is very important as it is directly 
related to the energy return performance and running 
efficiency of the prosthesis user [31]. Overall, the high 
degree of compatibility between FEA results and 
mechanical testing suggests that the simulation 
approach used can be relied upon as a prediction tool 
in the prosthetic design process. This has significant 
practical implications, as the use of validated FEA can 
reduce the need for repetitive prototyping, reduce 
development costs, and accelerate the design 
innovation process. The integration of numerical 
simulation and experimental validation is an effective 
approach to the development of modern engineering-
based orthotic and prosthetic devices [36].  

However, some limitations remain. First, the FEA 
model still assumes homogeneous, isotropic materials, 
whereas in real conditions, materials such as rubber 
exhibit nonlinear, viscoelastic behavior. Second, the 
test was conducted under quasi-static conditions, so it 
did not fully represent the dynamic conditions during 
walking, including the effects of material fatigue from 
cyclic loads. Previous studies emphasized the 
importance of considering fatigue and dynamic load 
analysis in the long-term evaluation of prosthetic 
devices [37].  In addition, environmental factors such 
as temperature and humidity, as well as variations in 
user gait patterns, have also not been included in the 
simulation model. Recent research suggests that these 
factors may affect the mechanical response of polymer 
and elastomer materials commonly used in prosthetics 
[38]. Therefore, the development of a more complex 
FEA model that accounts for these factors is a direction 
for future research. 

C. Comparison Between Polymer and Wooden 
Keel SACH Foot 

The results showed a statistically significant difference 
in the total deformation value between the polymer 
keel-based SACH foot prototype and the local SACH 
foot with a wooden keel in all gait phases. The 

prototype consistently showed lower deformation than 
the local design, indicating better mechanical 
performance in holding loads during the running cycle. 
These findings confirm that the selection of keel 
material plays a crucial role in determining the 
structural response of the prosthetic foot. 

Biomechanically, the lower deformation observed in 
the polymer-keel prototype indicates increased 
structural stiffness, which is essential for improving 
load transfer efficiency and gait stability during the 
stance phase. However, contemporary prosthetic 
design dictates that performance is not achieved by 
merely maximizing stiffness, as excessively rigid 
structures compromise shock absorption and energy 
return [30][39][40][41]. The proposed polymer-keel 
design successfully optimizes this balance; while it 
deforms less than the wooden keel ensuring stability it 
still operates within a measurable elastic range. The 
strategic integration of the ABS keel with an HDPE 
footplate and vulcanized rubber enables the structure 
to effectively attenuate impact forces. Consequently, 
the observed deformation profile reflects an improved, 
controlled load distribution rather than absolute rigidity, 
supporting both long-term user comfort and 
mechanical durability without the unpredictable 
performance variations typical of heterogeneous 
wooden keels. Recent studies have shown that 
polymer-based and 3D-printed prosthetic foot can 
achieve biomechanical performance comparable to or 
superior to conventional designs [39][40]. 

In contrast, wooden materials are more susceptible 
to variability, moisture absorption, and long-term 
degradation, which may negatively affect performance 
consistency. The improved mechanical performance 
observed in the polymer-keel design supports the 
transition toward polymer-based prosthetic solutions. 
Despite the promising structural rigidity of Model A, 
prosthetic foot performance is not determined solely by 
stiffness. For low-mobility amputees, excessive 
stiffness may reduce shock absorption, disrupt rollover 
smoothness, and compromise user comfort. Therefore, 
while lower deformation ensures stability and structural 
longevity, future clinical validations encompassing gait 
symmetry, dynamic plantar pressure, socket comfort, 
and metabolic energy expenditure are strictly 
necessary before claiming practical superiority over 
traditional wooden keels in daily usage scenarios. 

Furthermore, several methodological limitations 
must be acknowledged. The experimental validation in 
this study relied primarily on global deformation 
metrics. While this provides a macroscopic validation 
of the FEA model, incorporating local strain 
measurements (e.g., using strain gauges or digital 
image correlation) at critical regions of the keel would 
substantially strengthen the mechanical validation. 
Additionally, the evaluation was conducted exclusively 
under quasi-static loading. Since prosthetic foot 
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undergoes repetitive dynamic gait cycles, future 
research must incorporate cyclic fatigue testing to 
accurately characterize long-term viscoelastic 
degradation and the true fatigue life of the polymer 
materials. 
 
V. Conclusion  

This study aimed to design, evaluate, and 

experimentally validate a polymer-based keel SACH foot 

as a low-cost alternative, and to assess its mechanical 

performance relative to a conventional wooden-keel 

design. Through finite element analysis (FEA), Model A 

demonstrated the most optimal structural performance 

among the three configurations, exhibiting the lowest 

average total deformation (20.12 mm), minimum von 

Mises stress (12.67 MPa), and the highest factor of 

safety (1.59). The reliability of the FEA model was 

successfully validated through static mechanical testing, 

showing strong agreement with numerical predictions 

(deviations below 5% across all gait phases: 4.18% at 

heel strike, 0.81% at mid-stance, and 2.81% at terminal 

stance). Furthermore, comparative experimental testing 

revealed that the polymer-keel SACH foot exhibited 

significantly lower total deformation than the 

conventional wooden-keel design (p < 0.05), indicating 

superior structural stiffness and more efficient load 

distribution. Despite these promising results, this study 

has several limitations that must be addressed in future 

work. The evaluation was conducted exclusively under 

quasi-static loading conditions, which does not fully 

capture the dynamic forces of real amputee gait or 

evaluate fatigue life under cyclic loading. Additionally, 

the numerical simulations assumed homogeneous, 

isotropic, and linearly elastic material properties, and the 

study did not assess clinical parameters such as user 

comfort or metabolic energy cost. Future research 

should integrate dynamic gait simulations with non-

linear viscoelastic material models, fatigue testing, and 

in vivo clinical trials to fully establish the long-term 

reliability and functional benefits of the proposed 

polymer-keel SACH foot. 
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  % E r r o r   =    |     𝛿  E x p   −     𝛿  F E A    𝛿  E x p |   x   100 %


      x 1 - ,       x 2 -


    s  p o o l e d


  d   =       x 1 -   −       x 2 -    s  p o o l e d


  v


  (   𝜎  x   , 𝜎  y ,   𝜎  z


    𝜏  x y ,   𝜏  y z   , 𝜏  z x


    𝜖  x   , 𝜖  y ,   𝜖  z


    𝛾  x y   ,   𝛾  y z ,   𝛾  z x


    𝜎  v M


    𝜎  y i e l d

