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ABSTRACT

Phocomelia is a congenital limb defect affecting the upper or lower limbs of newborns,
significantly impacting their daily lives. Adaptive devices, such as prosthetic limbs, are
crucial for helping individuals with phocomelia, yet designing and customizing these
devices presents a complex challenge, as traditional prosthetic devices often do not cater to
the specific needs of each patient due to their generic design. This study employs topology
optimization and finite element analysis (FEA) to enhance the design and mechanical perfor-
mance of these adaptive devices. The study focuses on improving design through material
selection and topology optimization, analyzing mechanical behavior using FEA, and iden-
tifying potential improvements in strength and durability. Three materials—acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA), and polyethylene terephthalate glycol
(PETG)—are evaluated with weight reductions ranging from 10% to 50%. Computational
software is used for modeling and analysis based on an existing model from Universiti
Teknologi MARA (UiTM), incorporating applied forces and fixed points. Results indicate the
stiffness-to-weight ratio for each material and mass reduction scenario, alongside stress,
strain, and displacement analyses. This study aims to advance adaptive device design
by enhancing functionality and affordability, ultimately improving the quality of life for
phocomelia patients.
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1  INTRODUCTION

Phocomelia is a congenital disorder characterized by underdevelopment or
absence of limbs, which can significantly impact the daily lives of affected individu-
als. This condition may present as abnormalities in either the upper or lower limbs,

Mazlan, M.A., Kamaruzzaman, N.A.P., Mazlan, M.H., Mihradi, S., Abdullah, A.H. (2025). Personalized Upper Limb Assistive Device Socket for
Phocomelia Patient Using Topology Optimization Techniques. International Journal of Online and Biomedical Engineering (i/OF), 21(7), pp. 76-87.
https://doi.org/10.3991/ijoe.v21i07.54635

Article submitted 2025-01-28. Revision uploaded 2025-03-20. Final acceptance 2025-03-20.
© 2025 by the authors of this article. Published under CC-BY.

76 International Journal of Online and Biomedical Engineering (iJOF)

iJOE | Vol. 21 No. 7 (2025)


https://online-journals.org/index.php/i-joe
https://online-journals.org/index.php/i-joe
https://doi.org/10.3991/ijoe.v21i07.54635
https://online-journals.org/
https://online-journals.org/
mailto:halim471@uitm.edu.my
https://doi.org/10.3991/ijoe.v21i07.54635

iJOE | Vol. 21 No. 7 (2025)

Personalized Upper Limb Assistive Device Socket for Phocomelia Patient Using Topology Optimization Techniques

and in severe cases, it can involve both, leading to substantial disability. Research
indicates that phocomelia often results from the loss of major bones, leaving the
remaining limb components with various abnormalities [1]. Individuals with
phocomelia frequently require assistive devices to enhance their functionality and
independence in daily activities. Due to its rarity, limited public awareness, and
the lack of advanced assistive technology, this condition receives significantly less
attention than disorders like cerebral palsy or Down syndrome. Despite its impact,
this condition has received almost no research attention, with only very minimal
studies exploring ways to improve the quality of life for affected individuals [2].
Therefore, this study was undertaken to bridge this gap and provide meaningful
support to both patients and caregivers. The design and customization of these
adaptive devices, such as prosthetic limbs, present complex challenges. Traditional
prosthetic devices often do not cater to the specific needs of each patient due to
their generic design. However, the growing use of 3D printing technology has
enabled the creation of more personalized assistive devices, addressing the need
for tailored solutions [3]. Despite these advancements, optimizing these devices for
individual characteristics remains a critical challenge [4]. finite element analysis
(FEA) is a detailed method used to evaluate the structural performance of prosthetic
and adaptive devices. FEA enables the computation of stress and strain within a
model, facilitating pre-operative planning and design adjustments [5]. Studies such
as those by Sangbaek Park et al. demonstrate the application of FEA in analyzing
contact pressures and mechanical responses, further emphasizing its importance
in device development [6].

Topology optimization is another advanced technique that enhances device
design by optimizing material distribution within a given volume. Recent studies
have shown that topology optimization can significantly improve the performance
and efficiency of prosthetic devices while reducing weight and cost [7], [8]. This
method helps in achieving a balance between functionality, comfort, and sustain-
ability. This project aims to improve the design of upper limb assistive devices
for individuals with phocomelia by utilizing topology optimization and FEA. The
research focuses on optimizing a 3D model of an adaptive device made from three
materials—acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and poly-
ethylene terephthalate glycol (PETG)—through various weight reduction scenarios.
PLA can withstand more stress, while PETG has the least deformation. ABS has the
property in between the two for stress compression and deformation. The objectives
include enhancing the design of the device, analyzing its mechanical behavior, and
assessing improvements in strength and durability. This approach seeks to create
more effective and efficient adaptive devices, ultimately enhancing the quality of life
for patients with phocomelia.

2 MATERIALS AND METHODOLOGY

To address the challenges faced by individuals with phocomelia, a systematic
approach was adopted to enhance the design and functionality of adaptive devices.
The methodology involves several key stages, as outlined in the project flow chart
(see Figure 1).
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Fig. 1. Project methodology flowchart

The project began with the identification of a comprehensive 3D model of the
upper limb adaptive device. The model used in this study was provided by Universiti
Teknologi MARA (UiTM) Shah Alam, based on previous work by Mazlan et al. [2]
(see Figure 2a). Topology optimization techniques were employed to systematically
improve the design of the device. The focus was on reducing the device’s weight by
10% to 50% in 10% increments while ensuring its structural stability. It is to be noted
that other factors affecting the result data, such as anisotropy of the material and
other outside factors, are not included in the study.

Three materials—ABS, PLA, and PETG—were assessed for this project. Mechanical
properties for PLA and PETG that are not available in SolidWorks were sourced from
previous studies (refer to Table 1).

Table 1. Mechanical properties of ABS, PLA, and PETG materials

Material Density Young’s Poisspn Tensile Compressive
(kg/m?) Modulus (GPa) Ratio Strength (MPa) Strength (MPa)
ABS 1050 24 0.37 50 55
PLA 1240 3.5 0.30 80 428
PETG 1290 2.2 0.33 53 55

=

a)

=
b) o

Fig. 2. (a) Adaptive device model used for the project [2], (b) Fixed point and force applied on the socket

Using SolidWorks software, the simulation process involved creating a new study
and selecting the topology optimization study type. Fixed geometry and forces were
applied to the model as shown (see Figure 2b). The simulation was run, the mesh was
generated, and topology results were obtained. Following the topology optimization,
the mesh was exported and saved as a new part file for further analysis. The saved

78 International Journal of Online and Biomedical Engineering (iJOF) iJOE | Vol. 21 No. 7 (2025)


https://online-journals.org/index.php/i-joe

iJOE | Vol. 21 No. 7 (2025)

Personalized Upper Limb Assistive Device Socket for Phocomelia Patient Using Topology Optimization Techniques

mesh file is imported into SolidWorks for FEA. A new static study is created, and
fixed geometry and forces are re-applied. The study is run to perform meshing and
FEA. The results for stress, strain, and displacement were analyzed for each mate-
rial and percentage of weight reduction. The most significant design outcome was
selected for 3D printing. The optimized design was 3D printed using a 3D printing
machine. The final device was evaluated for weight reduction, aesthetics, comfort,
practicality, and ease of ventilation [9].

This methodology aims to provide a comprehensive approach to designing more
effective adaptive devices, enhancing both functionality and user experience for
individuals with phocomelia.

3  RESULTS AND DISCUSSIONS

The analysis of this project’s outcomes confirms the objectives and reveals sig-
nificant insights into the potential of topology optimization and FEA for improving
adaptive devices. This section presents the results from topology optimization and
FEA for the materials of ABS, PLA, and PETG.

3.1 Topology optimization

Topology optimization is a powerful numerical method that optimizes material
distribution within a design space to enhance structural performance while consid-
ering loads, boundary conditions, and constraints [10]. This process aims to maxi-
mize the performance of the upper limb socket by adjusting material allocation. The
iterative process systematically reduces material in areas with minimal impact on
structural performance, leading to a lighter yet structurally efficient design based
on applied loads and constraints (see Figure 2b). This computational approach,
integrated with FEA, simulates structural behavior under specific loading conditions.

The optimization results for each material (ABS, PLA, and PETG) at different
weight reduction intervals (10% to 50%) are depicted (see Figure 3). The topology
optimization of ABS material reveals a progressive reduction in material while
maintaining critical strength areas (see Figure 3a). The design effectively balances
weight reduction with structural integrity, demonstrating the material’s adaptability
in various weight reduction scenarios. The topology optimization results for PLA,
which generally retains more material when compared to ABS at equivalent weight
reductions (see Figure 3b). PLA’s higher stiffness and strength contribute to a more
robust design, even at lower material percentages. PETG material exhibits a similar
trend to PLA but with slightly less material retention (see Figure 3c). The optimization
reflects PETG’s ability to maintain its strength while achieving a reduced weight,
though not as efficiently as polylactic acid.

Fig. 3. (Continued)
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Fig. 3. Topology optimizations of 10% to 50% reductions done on the model for each material:
(a) ABS, (b) PLA, and (C) PETG

3.2 Effects of weight reduction on the limb socket

The results for FEA are representative of each socket with reduced weight at
stress, displacement, and strain distribution. PETG material is known as one of the
widely used materials for producing adaptive devices for patients; thus, the overall
images of the model after going through topology optimization with a weight reduc-
tion of 10% to 50% from its original weight are shown (see Figure 4). Several vari-
ations of the adaptive device, each with a certain degree of material reduction of
10%, 20%, 30%, 40%, and 50%, are analyzed respectively (see Figure 4 (i) to (v)). The
von Mises stress is included to quantify local failure and provide a computationally
feasible solution that is resistant to unforeseen material failure [11]. It is a parameter
used in engineering to ascertain the point at which a material would undergo plastic
deformation. The equivalent stress is a consolidated figure that encompasses the
primary stresses and is used for comparison with a material’s yield strength. The key
features to consider when selecting polymeric 3D printing material are maximum
stress, yield stress, modulus of elasticity, elongation, and hardness. These properties
are directly affected by the chemical composition of the material [12].

There is a noticeable change in the stress distribution throughout the model
when the weight reduction percentage increases from 10% to 50% (see Figure 4a).
The values obtained from 10% to 50% are 121.556 MPa, 133.674 MPa, 132.951 MPa,
132.951 MPa, and 148.746 MPa, respectively. At lower weight reductions, the stress is
uniformly distributed, but there are concentrated regions of high stress indicated by
the red zones. These occur where pressures are expected to be exerted. As the weight
decreases, the high-stress spots become more prominent, suggesting that the material
is less evenly distributed and that certain areas are under higher levels of stress. Both
values and images indicate that with each increase in mass reduction, the structure
may become less able to evenly distribute stress, leading to higher stress concentra-
tions in certain areas. This could potentially result in a higher risk of material failure
in those areas. The optimal design would balance the need for weight reduction with
the structural integrity required to handle stress without yielding. However, the von
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Mises yield criteria can be used merely for the preliminary analysis [13]; thus, it is
important to take note of the strain and displacement distribution on the model.

The displacement distribution is demonstrated through the displacement scale,
with the color gradient indicating the amount of displacement. Blue indicates no
displacement, while red represents the highest displacement. The images show that
as the weight reduction of PETG rises, there is a noticeable increase in the presence
of red regions, particularly at the 50% weight reduction condition (see Figure 4b).
This indicates more displacements and probably a lower performance under the
simulated conditions. The displacement is especially visible at the bottom of the
socket, where the load is likely to be applied. If the application requires minimum
deformation, this outcome might be seen as a disadvantage. However, it is important
to consider the scale value for PETG, where the maximum displacement scale is at
0.010 mm, lower than both ABS and PLA at 2.000 mm, based on the overall analysis.
The reason is the average displacement values for ABS and PLA range from 1.900 mm
to 2.700 mm, while for PETG, the data are recorded to be 0.019 mm to 0.027 mm.

a) Stress

von Mises
(N/mm”2 (MPa))
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| b
- 0080

. 0.070
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b) Displacement
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Fig. 4. Effects of 10% to 50% weight reductions on the limb socket with PETG material with distributions in:
(a) stress, (b) displacement, and (c) strain

Finite element analysis is commonly used to evaluate the biomechanical perfor-

mance of structures via simulation, which involves analyzing displacement inside
the structures and estimating the maximum stress levels [14]. The overall result for
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PETG material can be seen through the graph results of FEA (see Figure 5). Among
the several thermoplastic materials used in 3D printing, ABS stands out as partic-
ularly useful due to its numerous desired features, including affordability, wide-
spread availability, and mechanical durability [15]. However, it is to be determined
whether the statement is acceptable by comparing the results for ABS with the other
two materials. Which are PLA and PETG. According to past studies, PLA material
also demonstrated little deformation and obtained the best safety factor across all
loading directions [16]. Nevertheless, this could be influenced by the constraints and
force exerted on the model that was used.

o
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Fig. 5. Comparison of maximum: (a) von Mises stress and (b) displacement of PETG limb socket
at different weight reductions on the model

The PETG material model indicates that the stress reaches 0.158023 MPa at
10% weight reduction, rising to 0.173777 MPa at 20%, and later decreases slightly
at 30% weight reduction to 0.158202 MPa. At a 40% decrease in weight, the stress
level remains stable at 0.159060 MPa and significantly rises to 0.193263 MPa at a
50% weight reduction. Based on the data points, it can be concluded that the stress
levels generally increase with weight reduction, except for a slight drop at 30%
(see Figure 5a). The initial drop in von Mises stress from 0% to 10% may be due
to the relief cut at where stress is accumulated due to the weight reduction from
the topology.

The displacement distribution data can be observed, where it remains constant at
0.025 x 10 mm for both a 10% and 20% decrease in weight, suggesting that there is
no change in displacement between these two levels. There is a slight increase seen
for weight reductions of 30% and 40%, with displacement values of 0.026 x 10 mm
and 0.029 x 10-* mm, respectively. At the 50% drop in weight, there is a more signifi-
cant rise in displacement, measuring at 0.035 x 10-* mm. This thus concluded that the
displacement levels generally increase with weight reduction, starting at 20% weight
reductions (see Figure 5b). PETG has shown outstanding results in displacement,
and this is proven by a study done by Umer et al., where their study also showed that
PETG material’s displacement is better than the other plastic materials [17]. As for
the strain on the model, the results obtained are insignificant with recorded values
of 0.001 x 10-°* mm, thus the visual graph representation is not included.
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A past study done by Jweeg et al., where their past studies evolved using the finite
element approach to anticipate the efficiency of manufacturing prosthetics and
determine their stress levels to provide recommendations for manufacturers [18].
They were able to conclude on what type of material should be used to produce
their planned prosthetics. This is similar to this project as the model of the adaptive
device was also obtained from a past study which is then carried out further to
create new design ideas for adaptive devices and to identify suitable material. Each
material possesses its unique traits and properties. However, it is important to note
that the purpose of this study is to identify which material and at what weight reduc-
tion percentage is most suitable to be used. Identifying the stress and critical, points
of each result is crucial as the stress point could be distributed throughout the whole
model body, contributing to where most of the compressive stress builds up, result-
ing in the occurrence of major von Mises stress [19]. The accuracy of the findings
acquired using FEA can be confirmed by comparing them to experimentally observe
stresses [20], which could be done.

3.3 Effects of materials selection

Each material applied to the socket model has its unique properties. These
material properties play a huge role in the formation of stress and displacement
on the model as shown, where the results displayed are for the limb sockets at
30% weight reduction (see Figure 6). ABS demonstrates greater stress concentra-
tion at constraints or places where loads are applied. As ABS is known for being
strong and resistant to impact, there may be an even distribution of stress through-
out the socket. ABS also exhibits a good balance between stiffness and flexibility,
resulting in noticeable but controlled displacement under load. When the mate-
rial bends in reaction to the load, the FEA may display such displacements. PLA,
being stiffer than ABS, shows higher stress concentrations, especially in places with
a smaller cross-section of material or near the areas where the load is applied.
PLA also exhibits less displacement due to its rigidity. When it does deform, how-
ever, it cannot return to its original state as quickly as ABS, suggesting a more
brittle response to stress. PETG, known for its exceptional durability and impact
resistance, distributes stress more evenly, handling pressure without noticeable
flaws. Its balanced displacement suggests superior flexibility compared to ABS and
PLA, but maybe with less deformation. These findings suggest that PETG is a more
viable material for producing functional, lightweight prosthetic sockets due to its
flexibility and strength. While ABS is cost-effective and widely available, its higher
stress concentrations may limit long-term performance. PLA, though rigid, may not
be durable enough for high-impact usage. PETG emerges as a strong contender for
manufacturing, balancing ease of 3D printing, structural integrity, and real-world
performance.

The FEA results are supposed to indicate low stress and little displacement for
each material while maintaining the socket’s structural integrity. The exact form
of the socket, the applied load conditions, and the basic material qualities will all
affect the actual values and patterns. It is crucial to evaluate these findings in con-
text with the specific application in question, taking into account the allowed ranges
of stress and displacement for the user’s comfort and safety. Every material will
have benefits and drawbacks, and the prosthetic’s unique needs—such as weight,
durability, flexibility, and use environment—will determine which option is best.
It was difficult to decide for certain which material was the best without knowing
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the numerical values and the specifications for the prosthetic socket. Due to its
durability and strong resistance to impact, ABS is appropriate for many common
uses. However, due to its rigidity and potential for greater comfort, since it deforms
less than other materials, PLA may not be as durable as the alternatives. With high
toughness and better temperature resistance, PETG combines the benefits of ABS
and PLA to possibly deliver the highest overall performance for a prosthesis that is
subjected to a variety of pressures. The choice is also influenced by the prosthetic’s
design criteria, including affordability, comfort, and lifespan. The ideal material for
real-world applications would be one that satisfies the user’s particular demands
while providing a balance of these qualities.
von Mises
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Fig. 6. The results of finite element analysis in terms of von Mises stress for ABS, PLA and PETG materials

The graphs visualize the results of the three different materials’ mechanical
characteristics applied at the limb socket at a 30% weight reduction (see Figure 7).
The maximum von Mises stress values for each material are shown (see Figure 7a).
Compared to the other materials, ABS material shows the lowest von Mises stress,
at around 0.170968 units, suggesting that it may yield more easily under stress. At
around 0.173729 units, PLA has a somewhat greater stress value than PETG, which
is just slightly lower at roughly 0.158202 units. These values are greater than those
of ABS and indicate that PETG and PLA can tolerate stress levels that are comparable
with one another before they yield.

The displacement values for the same materials indicate the degree of deforma-
tion observed under loading (see Figure 7b). PLA has a comparable degree of dis-
placement at around 2.664 x 10~ mm, but ABS exhibits a significant displacement at
roughly 2.647 x 103 mm. PETG, in sharp contrast, displays a displacement value that
is far lower at 0.026 x 10 mm. This shows that, in comparison to ABS and PLA, PETG
is much stiffer or more rigid under the circumstances, having very little deformation.
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Fig. 7. (Continued)
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Fig. 7. Comparison of maximum: (a) von Mises stress, and (b) displacement for different materials
of limb socket at 30% weight reductions

The graphs provided a comparison of the mechanical characteristics of the various
materials, which is essential for figuring out whether or not such materials are
suitable for use in applications like limb sockets, where low deformation and stress
resistance may be desired. It is most likely the case that the 30% weight reduction
relates specifically to the design objective of lowering the limb socket’s weight with-
out affecting its structural integrity. Whether it was less stress, less deformation,
or a combination of both, the selection between these materials would rely on the
particular performance standards considered most important for the application.

4  CONCLUSION

Every material has its own limits, and the best option would weigh these con-
siderations in accordance with the demands of the particular application. Fatigue
strength, for example, can be a crucial consideration if the limb socket is used in an
environment where it experiences a lot of repeated stress, which might change the
selection of the most suitable material. Because PLA can withstand more stress and
has a displacement that is similar to ABS, it may be the best-balanced option when all
other variables are held constant and just the graph is considered. However, PETG
would be the obvious option for applications needing little deformation under stress.
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