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Highlights
e A novel design framework that leverages advanced optimization techniques, including

Latin Hypercube Sampling (LHS), Kriging, and Muti-Objective Genetic Algorithm
(MOGA) to improve the prosthetic foot design.

e The prosthetic foot's middle and lower blade thickness are critical parameters affecting
force reaction and stress distribution to minimize weight while maximizing stiffness and

energy return.

¢ Finite Element Analysis (FEA) validated the ability of the design to withstand daily stress
according to ISO 1328 standards for prosthetic testing.
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Optimizing Energy Storage and Return Prosthetic Feet: A Biomechanical Approach Using

Advanced Optimization Techniques

Abstract

Energy Storage and Return (ESR) prosthetic feet are vital in restoring natural gait
biomechanics for individuals with lower-limb amputations. This study introduces a novel design
framework that combines Latin Hypercube Sampling (LHS), Kriging, and a Multi-Objective
Genetic Algorithm (MOGA) to optimize weight, stiffness, and energy return. Aluminum alloy was
selected for its balance of strength, affordability, and manufacturability. Finite Element Analysis
(FEA) validated the structural performance under ISO 10328 loading conditions. The results
demonstrate that, despite aluminum having lower impact resistance than carbon fiber, its energy
return during walking is comparable, differing by 19% while maintaining an appropriate Range of
Motion. These findings highlight the potential of aluminum as a cost-effective alternative without
compromising key biomechanical - performance. The proposed framework enables the
development of lightweight, resilient prosthetic feet that align with user biomechanics and may

reduce overall cost barriers to solutions.

Keywords: Energy Storage and Return (ESR), Prosthetic Foot, Optimization Techniques, Latin
Hypercube Sampling (LHS), Multi-Objective Genetic Algorithm (MOGA), Finite Element

Analysis (FEA).
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1. Introduction

Losing a leg significantly impacts an individual quality of life. Prosthetic feet are vital in
restoring mobility, enabling engagement in daily activities, and improving overall well-being.
Energy Storage and Return (ESR) prosthetic feet are widely used passive devices made from
elastic materials, functioning like springs to store and release energy during the gait cycle [1]. The
development of ESR prosthetic feet represents a major advancement in prosthetic technology, as
they address the need for devices that mimic the natural biomechanics of the human foot.
Optimizing the stiffness of ESR prosthetic feet is crucial for improving biomechanical
performance and enhancing the functionality of individuals with lower-limb amputations.

Key factors influencing the design of ESR prosthetic feet include weight, ground reaction
force (GRF), stiffness characteristics, and material selection. Lighter prosthetic feet reduce
mechanical load, improving maneuverability and reducing fatigue. At the same time, heavier
devices may increase strain and contribute to long-term complications [2—4]. Proper stiffness
management is essential for controlling GRF, helping natural movement, and reducing the risk of
musculoskeletal issues [5]. Adjusting stiffness impacts shock absorption, stability, and energy
return. Lower stiffness can enhance energy return and increase the range of motion. However, it
may compromise mechanical efficiency and durability, increasing the risk of damage to the
prosthetic foot [6, 7]. Material selection also significantly influences prosthetic foot performance,
influencing weight, stiffness, and strength. While carbon fiber and titanium offer strength and
durability, their high-cost limits accessibility. Aluminum provides a lightweight, cost-effective
alternative with good performance and structural integrity [8, 9]. Balancing performance, strength,
and affordability is essential to ensure accessibility, as these factors directly affect user experience

and their ability to engage in daily activities. Consequently, optimizing these design factors is
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critical for developing ESR prosthetic feet that improve performance, comfort, and overall user
satisfaction.

ISO 10328 provides standardized guidelines to ensure the safety and performance of
prosthetic devices by evaluating their mechanical properties and structural integrity. Several
studies have focused on applying Finite Element Analysis (FEA) to evaluate ESR prosthetic feet
according to these standards. Bonnet et al. [10] combined gait analysis data with FEA to model
prosthetic feet stress distribution and energy storage capabilities during the stance phase, providing
valuable insights for enhancing their dynamic performance. Milan Omasta et al. [11] analyzed
stress distribution in the Sure-flex™ prosthetic foot, demonstrating that FEA offers detailed
insights into the structural foot behavior and stress distribution under various loading conditions.
Mahmoodi et al. [12] and Tryggvason et al. [13] used FEA simulations in prosthetic foot design.
Mahmoodi et al. focused on optimizing the design based on rollover shape and GRF
characteristics. At the same time, Tryggvason et al. investigated how material properties, such as
aluminum alloys, impact structural integrity and performance. Additionally, research comparing
stress levels across various materials, including aluminum alloys, titanium alloys, carbon fiber
epoxy, and composite materials, has demonstrated the effectiveness of FEA in optimizing
prosthetic leg design, particularly for assessing load-bearing capacities and material performance
[14]. Tryggvason et al. [15] conducted dynamic simulations to predict prosthetic foot responses to
design modifications, further validating the effectiveness of FEA through mechanical testing and
optimization. Tabucol et al. [16] developed an ESR prosthetic foot incorporating elastic elements
for energy storage and release, using FEA and optimization techniques to refine its stiffness

properties and enhance functionality. Their methodology emphasizes dynamic simulations and
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static testing to validate performance, demonstrating the critical role of FEA in optimizing ESR
prosthetic foot design.

While significant progress has been made, much of the existing research has primarily
employed single-objective optimization methods or focused on high-cost composite materials,
such as carbon fiber. These approaches often lack scalability and may not fully incorporate
biomechanically relevant performance indicators like GRF, stiffness response, or range of motion.
Additionally, few studies have investigated ESR prosthetic foot optimization using cost-effective
materials like aluminum, which could improve accessibility without compromising performance.
Prior work has also largely overlooked advanced metaheuristic strategies such as Multi-Objective
Genetic Algorithms (MOGA) in combination with efficient sampling and modeling techniques.
To address these limitations, it can be seen that the application of optimization combined with
FEMS improves the results [17, 18]. This study introduces a multi-objective optimization
framework for ESR prosthetic feet made from low-cost aluminum alloy. In contrast to prior
studies, which often focus on a single optimization goal or high-performance composites, the
present research leverages advanced techniques of Latin Hypercube Sampling (LHS) for
comprehensive design space exploration, Kriging-based response surface modeling for
performance estimation, and MOGA to identify Pareto-optimal designs balancing GRF, weight,
and stiffness [19, 20]. This integrative approach allows for a more robust, efficient, and scalable
solution.

In this study, the primary objective is to optimize the design of ESR prosthetic feet by
reducing weight and increasing stiffness while maintaining an ideal GRF. This was achieved by
applying advanced multi-objective optimization techniques integrated with biomechanically

relevant performance indicators. Additionally, the study explores using aluminum alloy as a cost-
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effective alternative to high-cost composite materials, ensuring both functional performance and

manufacturability.

2. Specifications

Prosthetic feet must have a robust structure supporting the weight of the amputee and
facilitating daily activities. The prosthetic weight should match the residual limb to ensure proper
balance and ease of movement. Additionally, the foot must withstand the forces and torque
encountered during plantar flexion, providing stability and support throughout the gait cycle
without reliance on external power sources. It should also exhibit resistance to impacts, ensuring
durability and comfort while maintaining lateral flexibility in the frontal plane to enhance terrain
adaptability [21].

Stiffness and weight influence load-bearing capacity and energy efficiency during
movement. Stiffness is defined as the ratio of load to deformation, where deformation refers to the
rotation of the foot in the sagittal plane, and load represents the Ground Reaction Force (GRF).
During walking, ankle rotation typically ranges from —6° to —12° during initial plantar flexion and
from 6° to 16° during maximum dorsiflexion prior to heel-off [22-25].

A comprehensive understanding of Ground Reaction Force (GRF) is essential for
managing shock absorption, energy return, and load distribution during walking, which is critical
for reducing the risk of injury. GRF generally follows a double-peaked pattern during the gait
cycle: the first peak (95-120% of body weight) occurs shortly after the heel strike, and the second

peak (110-135% of body weight) appears during push-off [26, 27]

3. Efficient Global Optimization (EGO)
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The Efficient Global Optimization (EGO) process begins with the generation of an initial
sampling of input variables using methods such as full factorial design, Central Composite Design
(CCD), or Latin Hypercube Sampling (LHS) through the design of experiment (DOE). Then,
inputs will be analyzed with analytical, numerical, or experimental methods to collect output data.
The input-output dataset creates a surrogate model employing techniques like response surface,
the Kriging method, or the Radial Basis Function (RBF) [28]. Finally, the surrogate model
integrates into the Expected Improvement (EI) equation. Instead of single-objective optimization
methods, multi-objective genetic algorithms (MOGA) maximize the El equation. MOGAS use
evolutionary mechanisms to identify areas of uncertainty called sampling points in the objective
space. These points gather output data later, updating the surrogate model iteratively until
convergence. Furthermore, the result does not give a single solution but a set of optimal solutions

along the Pareto front, offering insights into trade-offs between conflicting objectives.

- Kriging Method

The Kriging method is a spatial interpolation technique that originated in mining geology.
It uses a limited set of sample data points to estimate the value of a variable over a continuous
spatial field. This powerful method predicts unknown functions by combining a global model,
which captures the overall trend of the data, with a correction term that accounts for local

deviations [29]. The following equation expresses the Kriging model:

§() = p() —r"RTI(F—p 1)

Where p(x) is the global model, and rTR™(F — ) is the local deviation. The global model is a

constant value across the field, calculated using the following equation:

1TR-1F

- 1TR-11 (2)
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The sample points x are interpolated using a Gaussian random function, with the local deviation
determined by the correlation between Z(x;) and Z(x;) .This correlation depends on the distance

between the respective points x; andx;, calculated using the Distance Function, expressed as:

d(x;,x;) = T, 0K[xk — K|

(3)

Where 8% (0 < 6% < o0) is the element of the correlation vector parameter,8. The correlation

between Z(x;) and Z(xj) , Which depends on the distance function, is expressed as:

Corr[Z(xi),Z(xj)] = exp(— d(¥;, %)) (4)

- Genetic algorithms

Genetic algorithms (GAs) are heuristic optimization techniques of a metaheuristic that can
be used to solve both constrained and unconstrained problems, such as single-objective
optimization problems straight from the principles of natural selection by simulation of biological
evolution [30]. The GAs start configuring the chromosome structure and create an initial random
population, eventually trying to find the best solutions to ensure the rest of the higher ranks during
comparisons. Then, the chromosomes are evaluated using objective functions to pinpoint the best
chromosomes and calculate the fitness score of each chromosome [31]. The genetic operations,
including selection, crossover, and mutation, generate new generations of chromosomes
influenced by a fitness function. Crossover is the process of shuffling genes between parents to
create the child of the next generation, and mutation is the infusion of random changes to various
offspring. The GAs method is repeated until the target fitness function results that agree with the

given chromosome are reached. Multi-objective genetic algorithms (MOGAS), on their part,
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follow the same principles as GAs but are designed to solve multi-objective optimization
problems, the chromosomes being assessed based on multiple objectives. MOGASs aim to find a
set of good solutions, forming a Pareto front that is a trade-off between different goals but has a

variety of solutions [32].

- Latin hypercube sampling

Latin Hypercube Sampling (LHS) is a statistical method for sampling from
multidimensional probability distributions. It works by dividing each input range of variables into
intervals with equal probability and selecting one random sample from each interval, ensuring that
every interval is sampled at least once. The process begins by defining input variables and their
corresponding ranges, divided into intervals based on the number of desired samples. A value is
randomly chosen from each interval, and these values are permuted to create unique sample sets.
Compared to simple random sampling, Latin Hypercube Sampling (LHS) requires fewer samples
to achieve comparable input space coverage due to its structured design. While LHS generates
uniformly distributed samples within intervals, they can be adjusted to match other probability
distributions using techniques like inverse transform sampling. This adaptability makes LHS a
popular method in engineering design, simulations, sensitivity analysis, and optimization studies,

where understanding how input variability affects system performance is essential [33].

4. The ISO 10328 Standard Static Test

The safety verification of Energy Storage and Return (ESR) prosthetic feet is commonly
performed through static tests regulated by ISO 10328 standards. These tests are divided into the
dorsiflexion test (toe test) and the plantar flexion test (heel test). In the toe test, a settling force is

applied to the forefoot at an angle of 20 degrees. In contrast, in the heel test, the force is applied to
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the heel at an angle of 15 degrees, as depicted in Fig. 1. The forces are applied at a rate between
100 N/s and 250 N/s, maintained for 30 = 3 seconds, and then removed.

For the dorsiflexion test, the settling forces applied at the forefoot are 108%, 106%, and
104% of the body weight for individuals weighing 60 kg, 80 kg, and 90 kg, respectively. For the
plantar flexion test, the settling forces at the heel are 125%, 120%, and 116% of the body weight

for the same weight categories [34].

5. Materials and Methods

In this study, the prosthetic foot design was inspired by the Pro-Flex Pivot by Ossur. It was
organized into three functional groups: the ankle structure group (pylon connector and ankle body),
the connection group (link and holder), and the foot group (lower blade, middle blade, and upper
blade). The initial geometry was defined based on anatomical parameters, including the foot length
(L), the ankle joint height (h) from the ground, and the distance (d) from the ankle joint to the heel,
approximately one-third of the foot length. For this study, the foot length was set at 250 mm, and
the ankle joint height was varied between 80 mm and 100 mm, as illustrated in Fig. 2.

The design emphasizes the foot group, which comprises the elastic components responsible
for energy storage and return. During the early stance phase (heel strike), loading at the heel causes
a deflection in the heel portions of the lower and middle blades. In contrast, during the late stance
phase (toe-off), deflection shifts to the upper and middle blades, as illustrated in Fig. 3. These
deflections facilitate plantar flexion and dorsiflexion.

Geometry optimization was performed using 2D Finite Element Analysis (FEA) to refine
the profiles of elastic components, enhancing the energy-storing capabilities of the Energy Storage

and Return (ESR) foot. This step is crucial because Ground Reaction Force (GRF) and stiffness
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play a pivotal role in prosthetic foot design by influencing stability, energy efficiency, and comfort.
GREF interacts with stiffness to govern the foot's resistance to deformation; excessive stiffness
limits shock absorption, while insufficient stiffness increases deformation and fall risk. A balance
between GRF and stiffness ensures stability, efficient energy return, and safe adaptation to varying
gait dynamics.

The CAD model was constructed in the x—y plane and imported into ANSYS Workbench
for 2D static structural analysis. Following 1ISO 10328 standards, the plantar flexion test was
performed by applying load at the heel, while the dorsiflexion test involved loading at the forefoot.
The 10 mm and 30 mm displacements were applied to the plantar fiexion and dorsiflexion testing
platforms, respectively. The shank was fixed at the pylon connector's top to ensure loading
stability. The applied loads, boundary conditions, and displacements used in this analysis are
illustrated in Fig. 4.

For contact modeling and realistic interactions, a no-separation contact type was applied
between the pylon connector and ankle body, representing the ankle joint with frictionless motion.
The contact between the ankie body and upper blade was modeled as bonded. Frictional contacts
with a coefficient of 0.20 were used for the upper, middle, and lower blades to reflect material
interaction under the ioad. According to joint modeling, the pretension bolts were modeled as
preloaded springs with forces specific to each joint. The bolts connecting the blades were modeled
as longitudinal spring elements. The pretension forces for M6 (7.54 kN) and M8 (13.8 kN) bolts
were applied as normal forces. Links between the pylon connector and holder were modeled with
body-to-body beam elements. The FEA model was developed in ANSYS Workbench using a
quadrilateral dominant method and quadratic elements to ensure accurate stress and displacement

analysis. In this study, mesh convergence analysis was conducted to confirm that the finite element
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results were independent of further mesh refinement. Element sizes between 10.0 mm and 2.0 mm
were tested. Convergence was achieved when the change in equivalent stress was less than 2%, as
shown in Fig. 5. The results indicated that the equivalent stress difference between the 4 mm and
2 mm mesh sizes was 0.218% with 2,812 elements for the dorsiflexion test and 0.528% with 2,686
elements for the plantar flexion test, validating the chosen mesh resolution.

Under the simulation, a 2D FEA model of the prosthetic foot was developed using
nonlinear static structural analysis to capture the complex behavior of the foot’s elastic components
under load. While the material is assumed to be linearly elastic, the nonlinear behavior arises from
significant deflections and the interactions between components under load, which were
appropriately modeled. The simulation results were crucial for assessing the prosthetic foot’s
mechanical performance, providing valuable insights into its design. Key outputs, such as Ground
Reaction Force (GRF), total volume, and Range of Motion (ROM), were analyzed to evaluate the
foot’s stiffness, stability, energy return, and weight. The reaction force at the fixed boundary
condition directly reflects the foot stiffness, with an increased reaction force indicating higher
stiffness, which enhances stability and energy return. Conversely, a lower reaction force suggests
reduced stiffness, potentially compromising energy storage and return efficiency. The total volume
determines the foot’s weight and is a critical factor influencing comfort, stability, and mobility. A
lighter foot improves comfort and reduces fatigue. A heavier foot may provide added stability but
limit performance and energy return. Additionally, the elastic components of the foot group
regulate ROM through deflection, enabling plantar flexion and dorsiflexion. Geometry
optimization ensures that ROM remains within functional limits, preventing instability or

excessive movement.
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Under standard static testing conditions, stress concentrations in the prosthetic foot are
primarily observed at the foot end due to deflection, marking a critical failure point. As shown in
Fig 6, the design variables are initialized within specified ranges in Table 1. Latin Hypercube
Sampling (LHS) generates initial sampling points, ensuring a diverse, non-repeating distribution
across the vertical and horizontal axes. This method allows flexibility in determining the number
of samples for optimization.

A case study of prosthetic feet was conducted and assumed to be linear elastic,
homogeneous, and isotropic materials. In this study, aluminum alloy 6061-T6 was used for
prosthetic feet. The mechanical properties of aluminum alloy 6061-T6, as shown in Table 2, were
obtained from previous literature [35].

In the finite element simulations, the prosthetic foot was assumed to be made of linear
elastic, homogeneous, and isotropic aluminum alloy (6061-T6), with material properties adopted
from literature. A plane stress 2D model was used, assuming negligible out-of-plane effects. All
loads were applied quasi-statically, and dynamic or inertial effects were not considered. Frictional
contact was modeled between key interfaces (with a coefficient of 0.2). At the same time, fixed
supports were applied at the distal bolt holes to simulate fixation during loading. These modeling

assumptions are consistent with previous early-stage prosthetic foot design optimization studies.

6. Results and Discussion
- Model Validation

The predicted versus observed graph shown in Fig. 7 assesses the accuracy of the Kriging
surrogate model in optimizing ESR prosthetic feet. It displays the correlation between predicted

and observed values for key response parameters: P7 (total volume in mmg3), P8 (maximum force
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at the toe in N), P9 (equivalent stress at the toe in MPa), P10 (maximum force at the heel in N),
and P11 (equivalent stress at the heel in MPa). The lines represent each parameter, with data points
close to the diagonal indicating high prediction accuracy. High R2 values, approaching 1, validate
the model ability to capture response variability, confirming its effectiveness for optimizing tasks

to enhance durability and performance.

- Sensitivity Analysis

A sensitivity analysis was conducted to assess the influence of six key design parameters
on five critical output variables, as shown in Fig. 8, including Total Volume (P7), maximum
reaction force at the toe (P8), maximum equivalent stress at the toe (P9), maximum reaction force
at the heel (P10), and maximum equivalent stress at the heel (P11). The results reveal that the
lower blade thickness (P2) is most sensitive to total volume (P7), contributing nearly 50%. The
middle blade length (P4) contributes approximately 20%. For the maximum reaction force at the
toe (P8), P2 reduces the force by about 27%. P5 increases it by 24%, and P5 has a moderate
influence on maximum equivalent stress at the toe (P9), contributing 10-15%. At the heel (P10),
the lower blade thickness (P2) is the most influential, contributing nearly 70%, with P4 and P3
also contributing positively. For maximum equivalent stress at the heel (P11), P2 reduces the stress
by about 13%, while P3 increases it by 12%. It can be seen that some parameters have a higher
sensitivity to specific outputs, such as the lower blade thickness (P2) because it constitutes a
substantial proportion of the prosthetic foot’s structural volume. An increase in its thickness
directly affects the overall mass. It enhances stiffness, particularly under heel loading during the

initial stance phase.

- Response Surface
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Fig. 9 presents the response surface chart of the relationship between the maximum
reaction force at the Toe (P8) and two critical design parameters: middle blade length (P4) and
upper blade thickness (P5). The chart reveals that shorter blade lengths (P4) of approximately 155
mm and thicker upper sections P5 greater than or equal to 9 mm result in higher force reactions,
peaking at approximately 1.1 kN. In contrast, longer blade lengths (P4) of approximately 170 mm
and thinner upper sections (P5) of approximately 5 mm reduce force reactions, reaching about 0.65
kN. The gradient, ranging from blue (lower forces) to red (higher forces), highlights this transition.
Notably, reaction forces are more sensitive to changes in P5 when P4 is shorter. For optimal
performance, designs should favor longer middle blade lengths and thickness of upper blade
thickness, avoiding configurations with shorter blades and thin sections, as these increase the risk
of localized stress and failure.

Fig. 10 presents the response surface chart of the relationship between maximum
equivalent stress at the toe (P9) and two critical parameters: middle blade length (P4) and upper
blade thickness (P5). The chart shows that when the middle blade length (P4) is between 165 mm
and 170 mm and the upper biade thickness (P5) ranges from 8 mm to 10 mm, the equivalent stress
remains relatively low, between 210-250 MPa. These suggest that certain combinations of these
design parameters mitigate stress concentrations, potentially enhancing the structural blade
performance. Conversely, as P4 between 150 mm and 155 mm and P5 between 5 mm and 10 mm,
the equivalent stress rises significantly, reaching up to 390 MPa. This trend emphasizes carefully
optimizing these parameters to avoid excessive stress concentrations. The color gradient, from
blue (low stress) to red (high stress), reinforces the sensitivity of stress levels to variations in P4
and P5. For optimal design, focusing on the regions with lower stress values is crucial, particularly

within the blue-green areas (e.g., P4 between 160 mm and 165 mm and P5 between 7 mm and 8
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mm). These areas offer a favorable balance between minimizing stress and maintaining structural
integrity, essential for optimizing blade performance and durability.

Fig. 11 presents the response surface chart of the relationship between the maximum
reaction force at the heel (P10) and the critical design parameters of middle blade thickness (P3)
and lower blade thickness (P2). The chart reveals that increasing middle blade thickness (P3)
results in higher reaction force, especially when lower blade thickness (P2) is also high.
Conversely, lower values of P2 around 4 mm reduce force reactions, even with a high P3. The
color gradient, from blue (low force reactions) to red (high force reactions), highlights the
significant impact of both parameters. The steepest gradients occur when P2 and P3 approach 10
mm, indicating elevated forces at the heel and emphasizing the need for careful structural design.
While reducing both parameters minimizes force reactions, it may compromise load-bearing
capacity. Optimizing P2 and P3 is crucial for balancing force distribution, ensuring structural
strength, and enhancing durability.

Fig. 12 presents the response surface chart of the relationship between maximum
equivalent stress at the heel (P11) and two critical parameters: middle blade thickness (P3) and
lower blade thickness (P2). The chart reveals those lower values of P3 around 7 mm and P2 at 4
mm and 10 mm result in lower stress, approximately 180 MPa to 210 MPa. These indicate that
thinner blades reduce stress concentrations and may increase structural strength. In contrast,
increasing P3 to 10 mm and P2 to 6.5 mm and 7.5 mm increases stress up to 275 MPa, highlighting
the impact of thickness on stress distribution. The color gradient, from blue (low stress) to red
(high stress), shows moderate increases in P2, and highly valuable P3 can significantly elevate
stress. The analysis underscores the importance of balancing P3 and P2 to avoid high-stress

concentration, which could affect durability.
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- Tradeoff Chart

Fig. 13 presents the response surface chart of the relationship between the total volume
(P7) and maximum reaction force at the toe (P8). This chart identifies optimal trade-offs between
minimizing material usage and controlling force reactions, essential for material efficiency and
structural performance. The total volume (P7) is plotted on the x-axis, ranging from 5.39 x 103
mm? to 6.69 x 10° mm?, while the maximum force reaction at the toe (P8) is shown on the y-axis,
varying from 600 N to 1,100 N. A color map from blue (the best Pareto front) to red (the worst
Pareto front) is used, with green dots representing feasible configurations that meet design
constraints. A positive correlation is observed between volume and force reaction, with smaller
volumes associated with lower force reactions in the blue and cyan regions. Larger volumes,
particularly those above 6.1 x 10° mm?, lead to increased force reactions and higher stress risks.
Optimal designs are found in the green and cyan areas, where volume and force reactions are
balanced. In summary, the Tradeoff Chart is an essential tool for optimizing designs by balancing
material volume and force reactions, focusing on configurations in the green and cyan zones to get
energy return during walking and lightweight.

Response Surface Analysis (RSA) reveals key parameter interactions, providing insights
into selecting optimal designs. The tradeoff chart visually represented these, illustrating the
compromises between weight, force reaction, and equivalent stress. Table 3 presents the design
parameters for five candidate points. In contrast, Table 4 summarizes their corresponding
performance outputs, demonstrating a balance between material efficiency, durability, and
biomechanical function.

This study explores the optimization of ESR prosthetic feet by integrating Kriging

surrogate modeling and Multi-Objective Genetic Algorithms (MOGA). The results underscore the
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significance of Ground Reaction Force (GRF) in influencing biomechanical performance,
including stiffness and stress distribution. These findings validate the design’s energy return,
structural strength, and weight reduction, aligning with prior studies while enhancing the scope of
optimization techniques used. This comprehensive analysis allows for addressing multiple design
objectives concurrently, which is a step forward compared to more traditional, single-objective
prosthetic foot designs.

The approach employed in this study combines Latin Hypercube Sampling (LHS), Kriging
surrogate modeling, and MOGA to optimize ESR prosthetic feet. The Kriging model, with a high
Rz approaching 1, confirms its accuracy in predicting key responses, as noted by Li et al. [19]. The
iterative optimization process driven by MOGA effectively balances conflicting objectives such
as weight and stiffness, offering a more comprehensive solution than single-objective optimization
methods. A key improvement of this study is using LHS, which ensures a thorough exploration of
the design space, minimizing potential biases present in earlier studies that used simplified
sampling methods.

In further analysis, Table 3 outlines the design parameters used to create the prosthetic
foot’s shape, which directly impacts its performance evaluation, including reaction forces, weight,
range of motion, and stress distribution. The design analysis confirmed that Candidate Point 5
demonstrated the highest reaction forces at the forefoot (1,367.30 N) and heel (1,901.70 N).
However, it was not the optimal choice. The excessive force required to achieve the proper gait
angle and energy return could increase the load on the knee joint, potentially leading to
osteoarthritis. On the other hand, Candidate Point 5, with a lower force reaction at the heel (249.48
N), lacked the energy return needed for effective walking. Candidate Points 1, 2, and 3, however,

showed force reactions consistent with the GRF observed in the studies by Ferris et al. [26] and
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Grabowski and D’Andrea [27], supporting biomechanical harmony. Among these, Candidate
Point 2 was identified as the most balanced configuration, with force reaction values of 788.89 N
at the toe and 707.59 N at the heel. This configuration, weighing approximately 1.46 kg, also
maintained equivalent stress values below the material's yield strength (275 MPa), representing a
compromise between energy return, structural strength, and weight. These results align with
previous research and emphasize the critical role of balance, stiffness, and weight in optimizing
mobility and reducing user fatigue. Additionally, ankle rotation for Candidate Points 1, 2, and 3
remained within the acceptable ranges documented in the literature [22—25], further confirming
their practical applicability. Candidate Point 2 exhibited a higher GRF than Candidate Point 1. At
the same time, Candidate Point 3 demonstrated versatility by catering to a broader range of users
with varying body weights.

A more refined assessment of prosthetic foot stiffness necessitates considering both the
heel and toe loading phases separately. In the heel test, simulating the initial impact of heel strike
during gait, the aluminum-based design produced a higher GRF than carbon fiber-based
prosthetics. This result aligns with the material properties of aluminum, which, due to its higher
modulus and lower damping capacity, absorbs less impacted energy and transmits greater force
back to the user. Conversely, during the toe-off phase, reflected in the toe test, the GRF values
observed in the aluminum design were comparable to those in carbon composite designs, as shown
in Fig. 14. This suggests that, despite aluminum's limitations in impact absorption, it can still offer
similar energy return during the propulsion phase. Furthermore, the resulting Range of Motion
(ROM) remained within acceptable limits defined by existing prosthetic foot standards, ensuring
functional usability. These highlight the importance of material selection in balancing cost and

performance in prosthetic foot design. These findings indicate that, with appropriate optimization,
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aluminum can serve as a viable low-cost alternative to carbon fiber in ESR prosthetic feet,
maintaining essential biomechanical characteristics. Given the relatively lower cost of aluminum
alloys, this approach could facilitate broader access to high-performance prosthetic devices,
especially for users in low-resource settings.

The study’s findings are consistent with existing biomechanics research on prosthetics.
Bonnet et al. [10] and Omasta et al. [11] used FEA to assess the stress distributions of foot
prosthetics, identifying critical heel and toe stress points. This study corroborates their findings,
showing similar stress patterns under simulated loading conditions. The GRF results align with
those reported by Ferris et al. [26] and Grabowski and D’ Andrea [27], highlighting the importance
of double-peaked GRF profiles in simulating natural gait mechanics. Mahmoodi et al. [12]
explored prosthetic designs that consider specific GRF and rollover shapes, offering valuable
guidance in balancing weight, stiffness, and energy return. While Tryggvason et al. [13]
emphasized material properties such as aluminum alloys, the integration of optimization
techniques in this study extends the scope of material performance enhancement. Tabucol et al.
[16] utilized FEA combined with optimization for stiffness properties, and this research expands
upon their methodology by incorporating LHS and Kriging surrogate modeling, enhancing the
efficiency of design variable exploration.

Although this study aligns with prior research, it has limitations, such as the assumption
of linear elastic material behavior in the FEA simulations. This assumption may not fully capture
the non-linear dynamics inherent in prosthetic designs. Furthermore, although effective, the focus
on 6061-T6 aluminum alloy may not account for the potential benefits of alternative materials,

such as carbon fiber composites, which could offer improved strength-to-weight ratios.
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Additionally, the reliance on standard loading conditions limits the generalizability of the findings
to a diverse range of user profiles, particularly those with varying activity levels and body weights.

Despite presenting a comprehensive optimization framework combining Latin Hypercube
Sampling (LHS), Kriging surrogate modeling, and Multi-Objective Genetic Algorithm (MOGA)
for designing aluminum-based ESR prosthetic feet, the study has several limitations. One
limitation is the absence of experimental validation owing to prototype availability and budget
constraints. As such, the findings rely solely on finite element simulations, and future studies
incorporating physical testing would provide further confidence in the model predictions and
structural performance.

Another limitation is that the FEA in this study uses a 2D static model with linear elastic
assumptions, which simplifies computational requirements but may overlook complex three-
dimensional and nonlinear behaviors observed in real-world prosthetic foot usage. Finally, while
the study focuses on aluminum alloy for its cost-effectiveness, comparing it with alternative
materials like carbon fiber or titanium could enhance the generalizability and applicability of the
proposed framework.

Future research could incorporate alternative materials and non-linear properties in FEA
simulations to address these limitations, thereby enhancing prosthetic performance. Additionally,
long-term studies involving diverse user profiles, including body weight, gait analysis, and activity
levels, would provide valuable insights for optimizing prosthetic foot designs. Moreover,
developing optimization methods tailored to individual biomechanical needs could improve the

personalization and functionality of prosthetic devices, advancing the field further.

7. Conclusion



Journal Pre-proof

23

This study developed an optimized design for Energy Storage and Return (ESR) prosthetic
feet, focusing on reducing weight and enhancing stiffness to improve biomechanical performance
and user comfort. Advanced optimization techniques, including Latin Hypercube Sampling (LHS),
Kriging, and Multi-Objective Genetic Algorithm (MOGA), effectively balanced energy return,
load-bearing capacity, and biomechanical adaptability. The sensitivity analysis identified middle
and lower blade thicknesses as key factors in regulating structural performance, ensuring efficient
force distribution, and minimizing stress concentrations, particularly at the heel. The lightweight
yet durable Aluminum Alloy 6061-T6 selection was optimal for a strength-to-weight ratio,
enabling efficient load bearing while minimizing material strain. These findings demonstrate that
combining advanced optimization methods with material selection improves the ESR prosthetic
structural strength, weight, and energy efficiency, ultimately reducing the risk of overuse injuries.
Future research could explore alternative materials, such as titanium alloys or composites, which
may offer enhanced strength-to-weight ratios and further optimization strategies tailored to diverse

user profiles and activity levels.
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Dorsiflexion test Plantarflexion test

Figure 1. Loading conditions and recommended angles for prosthetic foot testing according to

ISO 10328 standards
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Figure 2. Functional groups and Dimensions
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Maximum Plantar flexion Maximum Dorsiflexion

Figure 3. Deflection of the blades occurs when the foot prosthesis is loaded at the heel and the

forefoot.

Displacements  15° 20° Displacements

Figure 4. Schematic representation of the boundary conditions applied to the prosthetic foot

model
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Table 1: Design variables of prosthesis

Parameter Min value Max value
P1 Upper blade thickness (mm.) 5 10
P2 Curvature upper blade (mm.) 190 220
P3 Middle blade thickness (mm.) 7 10
P4 Middle blade length (mm.) 150 175
P5 Lower blade thickness (mm.) 4 10
P6 Curvature lower blade (mm.) 60 10

Table 2: Mechanical Properties of Aluminum Alloy 6061-T6.

Yield Ultimate Modulus of
Density Elongation
Property Strength Strength Elasticity
(kg/m?) (%)
(MPa) (MPa) (GPa)
2703 275 310 17 68.9

Table 3: Design Parameters of Candidate Points

Name P1 P2 | P3 P4 P5 P6

Candidate Point 1 | 65.64 | 5.27 | 7.04 | 172.72 | 6.28 | 191.44

Candidate Point 2 | 80.66 | 5.90 | 7.01 | 156.10 | 6.24 | 216.49

Candidate Point3 | 69.14 | 5.67 | 7.16 | 170.43 | 5.81 | 190.48

Candidate Point4 | 89.81 | 8.96 | 9.97 | 150.97 | 9.81 | 211.26

Candidate Point5 | 77.76 | 4.02 | 7.07 | 151.58 | 5.03 | 193.74
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Table 4: Performance Outputs of Candidate Points

Plantar flexion | Dorsiflexion
Name P7 P8 P9 P10 P11 ®) °)
Candidate Point 1 | 541732.11 | 658.11 | 163.41 | 648.68 | 215.88 -6.63 10.19
Candidate Point 2 | 543138.77 | 788.89 | 219.65 | 707.59 | 215.58 -6.84 10.33
Candidate Point 3 | 545070.51 | 669.18 | 196.66 | 726.22 | 218.78 -6.67 9.95
Candidate Point 4 | 670220.50 | 1367.30 | 287.59 | 1901.70 | 290.19 -1.22 9.86
Candidate Point 5 | 488250.22 | 682.78 | 202.52 | 249.48 | 221.74 -6.63 12.54
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