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Discomfort caused by improper pressure distribution remains a major
concern in prosthetic design, often leading to skin irritation, pain, and

Keywords reduced mobility. To address this issue, the study compares
Transtibial prosthetic socket, gait conventional sockets with 3D-printed designs that offer enhanced
cycle, finite element analysis, customization and pressure relief. A validated FE model was developed
interface pressure to simulate the biomechanical interaction between the residual limb

and prosthetic socket, incorporating anatomically relevant geometry
and material properties. Interface pressures were analyzed at key
points of interest, including the patella tendon, distal tibia end, fibula
head, and popliteal regions, throughout the various phases of the gait
cycle to capture dynamic pressure variations. Results indicate that 3D-
printed sockets consistently demonstrate lower and more evenly
distributed interface pressures than conventional sockets, with a
maximum pressure reduction of 51.7% at the tibial end. The pressure
values remained within established physiological limits throughout the
gait cycle. The influence of knee flexion moments on pressure
distribution was found to be minimal, suggesting that body weight and
socket alignment are more critical factors. These findings support the
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application of 3D-printing technologies in prosthetic socket design to
improve comfort, fit, and functionality for transtibial amputees.

1. Introduction

Transtibial amputation, a surgical procedure involving the removal of the lower limb below the knee, is often
necessitated by diseases, accidents, injuries, trauma, or vascular complications [1], [2], [3]. This loss significantly
alters an individual's mobility and quality of life, making effective prosthetic limbs essential for restoring
functionality [4]. The socket serves as the pivotal interface for load transfer, comfort, and stability between the
residual limb and prosthesis [5]. However, socket fit remains a persistent challenge, which is reported as the
primary factor affecting rehabilitation by 48% of amputees and 65.7% of clinicians [6]. Poor fit can lead to
discomfort, skin breakdown, biomechanical compensations, pressure sores, and pain, thereby discouraging the
use of prostheses [7], [8].

Understanding pressure distribution at the residual limb-socket interface is essential for improving
prosthetic socket comfort and minimizing the risk of tissue injury. Advances in sensor technology have enabled
real-time measurement of interface pressure during activities such as walking [9]. These data support more
informed socket design and fabrication, leading to reduced pressure on vulnerable anatomical regions [10].
Optimizing pressure distribution has been shown to enhance both the comfort and safety of prosthesis user
outcomes [11], [12].

Finite element analysis (FEA) has become an important tool in evaluating the biomechanics of prosthetic
sockets. It allows simulation of stress distribution and soft tissue deformation under various load conditions [13],
[14], [15]. FEA supports the optimization of material use and geometry, particularly for modern manufacturing
approaches such as 3D printing [16], [17]. This enables the development of patient-specific designs that balance
between structural performance and user comfort.

Modern prosthetic interfaces have evolved, with improvements in socket designs, volume, and thermal
control mechanisms, and the emergence of osseointegration [18]. Digital fabrication techniques, including
CAD/CAM and additive manufacturing, are being explored to streamline production processes and enhance access
to assistive technologies [19]. Despite these advances, many conventional sockets do not dynamically
accommodate pressure variations during the gait cycle. Localized high-pressure areas, especially at the distal tibia,
remain a common source of pain and dissatisfaction [20[, [21]. Rigid socket structures often fail to respond to the
changing biomechanical demands of walking [5]. Addressing these issues requires a detailed analysis of pressure
fluctuations throughout the gait cycle.

However, despite advances in prosthetic design, conventional sockets often fail to achieve optimal pressure
distribution, leading to discomfort, skin complications, and reduced mobility in transtibial amputees. This study
investigates the interface pressure distribution in transtibial prosthetic sockets using FEA, comparing
conventional and 3D-printed designs across the gait cycle. By modeling mechanical interactions between the
residual limb and socket under dynamic loading conditions, it aims to identify critical pressure points and
structural weaknesses. The research seeks to inform the development of more responsive and comfortable socket
designs. These findings may help improve mobility and quality of life for lower-limb amputees.

2. Methodology

2.1 Subject

The participant selected for this study was a 59-year-old male, with 162 cm height and 62 kg weight, who
underwent a transtibial (below-knee) amputation of the right leg in February 2023 due to complications from
Diabetes Mellitus (diabetic foot ulcer). The subject received rehabilitation treatment at Pusat Rehabilitasi
PERKESO Sdn. Bhd. (PRPSB), Melaka. Ethical approvals for the study were obtained from PRPSB
(PRPTAR/R&D/092021/0003) and Universiti Teknikal Malaysia Melaka (UTeM. 47.01.01/500-25/16-(13)).

2.2 Fabrication of Conventional Prosthetic Socket

The conventional prosthetic socket was fabricated by a certified prosthetist at PRPSB. The process included stump
measurement, mould creation, rectification, and socket fabrication using the vacuum casting technique, as
illustrated in Fig. 1. Each step was carefully conducted to ensure proper anatomical fit and alignment. This
conventional approach served as a baseline for comparison with the digitally fabricated 3D-printed socket.

@ lL':W} ‘ Penerbit



242 Int. Journal of Integrated Engineering Vol. 18 No. 2 (2026) p. 240-249

e v

Vacuum Casting Mold Fabrication

Fig. 1 Conventional prosthetic socket fabrication process

2.3 Fabrication of 3D-Printed Prosthetic Socket

The fabrication of the 3D-printed socket involved three main stages: 3D scanning of the stump, digital socket
design, and 3D printing of the socket, as shown in Fig. 2. A full 360-degree scan of the residual limb was performed
using the EinScan Pro 2X handheld scanner while the subject remained still. The captured mesh geometrical data
was exported in STL format and imported into Fusion360 CAD software for digital rectification. A cylinder model
was adapted to the residual limb, incorporating relief in pressure-sensitive regions and reinforcement in
pressure-tolerant areas to enhance comfort and stability. The final socket design was printed using the Raise3D
Pro2 Plus 3D printer with PLA filament. The printing parameters are summarized in Table 1.

3D Scanning 3D Designing 3D Printing

Fig. 2 3D printed prosthetic socket fabrication process

Table 1 3D printing parameters

Printing Parameter Setting
Nozzle diameter (mm) 0.8
Layer thickness (mm) 0.4
Infill percentage (%) 100
Printing speed (mm/s) 50
Nozzle temperature (°C) 230
Bed temperature (°C) 60
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During the rectification stage, adjustments were performed under the supervision of a prosthetist in PRPSB
to ensure proper socket fit. In Fusion30, color-coded regions guided the modifications, where white indicated
extruded zones (for reducing contact pressure in sensitive areas), and green/blue indicated indented zones (to
increase contact force in pressure-tolerant areas), as illustrated in Fig. 3. These rectifications prevented bone
contact in vulnerable zones while ensuring the socket remained secure during movement. This digital rectification
approach offered enhanced control over load distribution compared to conventional methods.

Extruded surface area

Indented surface area
(a) (b)

Fig. 3 Socket design (a) Extrusion for pressure relief; (b) Indentation for targeted pressure application

2.4 Development of Finite Element Model

2.4.1 Finite Element Model of Transtibial Prosthetic Assembly

The finite element (FE) model of the transtibial prosthetic was developed to simulate the biomechanical
interaction between the socket, residual limb, and underlying knee joint bone. The geometric reconstruction of
the residual limb and socket was achieved by importing STL files derived from 3D scanning into Fusion360
software. This process ensured precise anatomy, capturing the external contours and volumetric characteristics
of the soft tissue.

To incorporate the skeletal structure, the knee joint was modelled based on MRI data acquired using the
Esoate c-scan system, with a slice thickness of 2 mm and pixel size of 1 mm. Subsequently, segmentation of the
distal femur and proximal tibial bone was performed within the Fusion360 environment. The segmented knee
bone was anatomically positioned within the residual limb model, maintaining accurate spatial alignment. This
integration enabled the construction of a comprehensive anatomical assembly that accurately represents the
interface between the socket, soft tissue, and osseous structures of the knee joint, thereby facilitating detailed
biomechanical analysis under various loading conditions. The completed transtibial prosthetic 3D model was then
imported into ANSYS software to generate the FE mesh and conduct biomechanical simulations under
physiological loading conditions, as shown in Fig. 4.

Fig. 4 FE model of transtibial prosthetic
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2.4.2 Material Properties

The FE model consists of the socket-residual limb assembly, which was modelled as linear elastic, homogeneous,
and isotropic materials to simplify the computational process while maintaining a reasonable degree of
biomechanical accuracy. The material properties were selected based on values reported in the literature to
reflect the mechanical behavior of each domain under physiological conditions.

The prosthetic socket, fabricated using polylactic acid (PLA), was assigned an elastic modulus of 2.64 GPa and
a Poisson’s ratio of 0.4, typical characteristics of high-density thermoplastics used in additive manufacturing. The
soft tissue component, which encapsulates skin, muscle, ligaments, and other subcutaneous structures, was
assigned a significantly lower elastic modulus of 60 KPa to reflect its compliant nature, along with a Poisson’s ratio
of 0.45 to account for its near-incompressibility. While for the knee joint bone was modelled as cortical bone with
an elastic modulus of 30 GPa and a Poisson’s ratio of 0.3, consistent with established biomechanical parameters
for human femoral or tibial bone tissue. Additional mechanical properties such as density, bulk modulus, and
shear modulus for each material domain are summarized in Table 2.

Table 2 Material properties of the FE model [22]

Property PLA Soft Tissue Knee Joint Bone
Density (kg/m?3) 2000 1000 2000
Elastic Modulus (Pa) 2.64 60 x103 30 x10°
x10°
Poisson’s ratio 0.4 0.45 0.3
Bulk Modulus (Pa) 4.39 200 x103 25 x10°
x10°
Shear Modulus (Pa) 0.94 20.69 x103 11.54 10°
x10°

2.4.3 Boundary and Loading Conditions

The interface between the 3D-printed socket and residual stump was defined as frictional contact with a
coefficient of 0.5, while the interface between the knee joint bone and residual limb soft tissue was modelled as
bonded contact [22]. For FE model validation, the initial loading was applied in the static standing position using
half-body weight. Dynamic loading was simulated for five phases of the gait cycle during heel strike, loading
response, midstance, terminal stance, and pre-swing. Single-support phases (loading response, midstance,
terminal stance) received full-body weight, while double-support phases (heel strike and pre-swing) received
half-body weight. Knee flexion moments were also applied based on corresponding hip flexion angles during the
gait cycle, with the femur length set at 0.45 m. The loading conditions are summarized in Table 3.

Table 3 Loading conditions for FEA during gait cycle [23]

Gait Phase Hg;gllg);()m KrlAer?gfl:ée()f) 1)on Support Type
Heel strike 25 10 Double
Loading response 18 15 Single
Midstance 5 5 Single
Terminal stance -10 0 Single
Pre-swing -20 15 Double

3. Results

3.1 Validation of Finite Element Model

Table 4 presents a comparison between the experimental measurements and FEA results for interface pressure
distribution at key points of interest (POIs) on the residual limb-socket of a 3D-printed transtibial prosthetic
socket. The results demonstrate strong agreement between the FEA predictions and the experimental data, with
percentage errors ranging from 2.0% to 14.4%. This agreement indicates the reliability of the developed FE model,
where the assigned material properties, boundary conditions, and contact definitions within the FE framework
were sufficient to replicate the biomechanical interaction at these critical load-bearing sites.
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Table 4 Comparison of interface pressure distribution between experimental and FE results
of 3D-printed socket

Interface Pressure (kPa) Percentage Error

Area Point of Interest
Experiment FEA (%)
Middle Patella Tendon 27.44 27.98 2.0
Distal Tibia End 32.79 28.79 12.2
Middle Medial Middle 20.65 23.63 14.4
Proximal Popliteal 26.49 25.85 2.4

The patella tendon and popliteal regions show excellent agreement, with percentage errors of only 2.0% and
2.4%, respectively. This suggests that the FE model accurately captures the mechanical interaction between the
socket and the residual limb in these regions. In contrast, the medial middle and tibia end exhibit slightly higher
errors of 14.4% and 12.2%, respectively. These deviations can be attributed primarily to the simplification in the
residual limb model, particularly the exclusion of detailed anatomical segmentation such as muscle, ligament, and
skin layers, which may influence local tissue deformation under load.

The overall validation confirms that the FE model effectively captures the fundamental mechanics of pressure
transfer between the stump and socket, making it suitable for subsequent biomechanical investigations. The
observed discrepancies, although modest, highlight the inherent challenges of representing the heterogeneous
and nonlinear properties of biological tissues in computational models. Previous studies have similarly reported
that uniform assignment of soft tissue properties can lead to slight overestimations in pressure magnitudes at
localized regions of high stiffness [24, 25]. Despite these limitations, the present model successfully predicts
pressure magnitudes and trends across all POls, thereby supporting its utility as a reliable tool for comparative
assessments between different socket designs.

3.2 Comparison of Interface Pressure Distribution Between Conventional and 3D-
Printed Sockets

A comparative FEA of interface pressure distribution demonstrates distinct differences between conventional and
3D-printed transtibial prosthetic sockets. As shown in Table 5, the 3D-printed socket consistently exhibits reduced
interface pressure across all POIs relative to the conventional socket. This reduction is most pronounced at the
tibia end, where the pressure drops from 67.82 kPa in the conventional socket to 32.79 kPa in the 3D-printed
design, representing a 51.7% decrease. Such reductions suggest that the 3D-printed socket more effectively
distributes loads in pressure-sensitive regions, thereby minimizing discomfort and risk of soft tissue injury.

Table 5 Comparison of interface pressure distribution between experimental and FE results of 3D-printed socket

Interface Pressure (kPa)

Area Point of Interest Conventional 3D-Printed Di};gel;ceer:lc‘c: %‘?A))
Socket Socket
Middle Patella Tendon 43.55 27.44 37.0
Distal Tibia End 67.82 32.79 51.7
Middle Medial Middle 34.62 20.65 40.4
Proximal Popliteal 33.10 26.49 20.0

Similarly, the patella tendon area exhibits a 37.0% reduction in interface pressure, declining from 43.55 kPa
to 27.44 kPa. This outcome is particularly important, as the patella tendon is a pressure-tolerant zone, and
maintaining optimal load transfer here is essential for both function and comfort. The 3D-printed socket appears
to support a more biomechanically favourable alignment, thereby mitigating the risk of excessive localized stress.
Additionally, the medial middle and popliteal regions experience pressure reductions of 40.4% and 20.0%,
respectively, further emphasizing the advantages of 3D-printed geometries in improving fit and interface stress
distribution.

The ability to reduce interface pressure at these anatomical sites is attributed to the superior adaptability and
design freedom afforded by 3D printing. Unlike conventional socket fabrication methods, which often rely on
manual casting and iterative adjustments, additive manufacturing enables precise anatomical conformity and
controlled material distribution. This allows for the deliberate redistribution of pressure toward load-bearing
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areas while alleviating stress in sensitive zones. Consequently, amputees may experience enhanced comfort,
better suspension, and longer wear time due to decreased tissue strain and reduced risk of pressure sores.

These findings align closely with prior studies, including those by Tang et al. [24], who demonstrated that
personalized 3D-printed sockets significantly improve pressure distribution and gait performance. Moreover,
conventional sockets often fail to accommodate residual limb volume fluctuations and asymmetries, resulting in
uneven load transfer and discomfort over extended use [26]. Amputees have reported challenges in wearing such
sockets continuously, largely due to the rigidity and lack of dynamic fit adjustment [27]. By contrast, 3D-printed
sockets offer a patient-specific approach that has the potential to transform clinical prosthetics by combining
digital precision with biomechanical optimization.

3.3 Interface Pressure Distribution Across Gait Phases

3.3.1 Anterior-Posterior Pressure Distribution

Fig. 5 illustrates the dynamic variation of interface pressure at three key POIs, which are the patella tendon, tibia
end, and popliteal during different phases of the gait cycle. The patella tendon region demonstrates a relatively
consistent pressure profile throughout most of the cycle, with a prominent peak of 51.57 kPa during midstance.
This spike in pressure is attributed to the full body weight acting vertically on the limb during midstance, in the
absence of significant rotational effects caused by hip flexion. In phases such as heel strike and loading response,
the hip flexion moment introduces a counteracting anticlockwise rotation (with relative hip-knee angles of 15°
and 3°, respectively), which offsets some of the vertical load and results in lower interface pressures.

= N W D U O N
o O O O O O o
1 1 1 1 1 1 )

Interface Pressure (kPa)

o

T T T T 1
Heel strike Loading Midstance Terminal Pre-swing
response stance

—a—Patella Tendon Tibia End =—@=Popliteal

Fig. 5 Interface pressure at the anterior-posterior of 3D-printed socket across the gait cycle

The interplay between residual limb movement and socket mechanics plays a crucial role in pressure
variation. During terminal stance and pre-swing, the flexion dynamics of the hip similarly act to moderate the load,
producing lower and more stable interface pressures. These phases are characterized by reduced vertical force
transfer due to limb propulsion and body weight shift toward the contralateral limb. Hence, the pressure behavior
at the patella tendon is largely governed by the balance of vertical load and flexion-induced displacement, with
peak loading occurring during midstance when the body’s center of mass is directly above the limb.

In contrast, the tibia end region consistently experiences the lowest interface pressures, fluctuating between
20 kPa and 30 kPa throughout the gait cycle. The minimal variation in pressure at this location suggests effective
load distribution and cushioning provided by the socket design, especially in a pressure-intolerant region like the
tibial end. The relatively flat pressure profile indicates this region is less sensitive to gait dynamics, affirming the
biomechanical design’s success in minimizing stress concentration. This outcome is significant, as high pressure
at the tibia end can lead to discomfort and soft tissue damage, particularly in amputees with limited residual limb
padding.

The popliteal area, however, shows a markedly different trend, with pressure readings peaking at 65 kPa and
70 kPa during midstance and terminal stance. This double-hump pattern corresponds with the phases of highest
load transfer, in agreement with findings by Sengeh and Herr [28] and Devin et al. [24]. These peaks reflect
moments of maximal body weight support and forward propulsion, which subject the posterior socket region to
intense localized forces. The magnitude of pressure at the popliteal fossa highlights the need for careful socket
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contouring and material selection in this anatomically sensitive region to reduce discomfort and prevent
circulatory issues.

3.3.2 Medial-Lateral Pressure Distribution

The medial-lateral interface pressure behaviour, depicted in Fig. 6, reveals distinct dynamic profiles for the medial
middle and fibula head during the gait cycle. Both regions exhibit a characteristic double-hump curve, with
pressure increases during loading response and terminal stance, and a drop during midstance. At the medial
middle, peak interface pressures of 43.60 kPa and 44.08 kPa are recorded during loading response and terminal
stance, respectively, while a lower pressure of 24.07 kPa is observed in midstance. The trend of the result agrees
with Nandikolla et al. [29], where this fluctuation aligns with the body’s transition from double to single limb
support, during which pressure is concentrated on one limb, causing increased socket-limb interaction forces.

50 -
©
<
P 40 -
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- o
2 30 -
& \
g 20 -
& 2N
£ 10 -

0 T T T T 1

Heel strike Loading Midstance  Terminal Pre-swing
response stance
== Medial Middle Fibula Head

Fig. 6 Interface pressure at the medial-lateral of 3D-printed socket across the gait cycle

The single support phases, which include loading response, midstance, and terminal stance, account for
approximately 60% of the gait cycle. During these periods, all ground reaction forces are borne by the prosthetic
limb, intensifying the pressure at the residual limb-socket interface. The observed pressure trends at the medial
middle are consistent with mechanical expectations, whereby weight shifts result in lateral compression as the
socket stabilizes the limb against medial-lateral movement. This suggests that targeted support and
accommodation are essential in the medial middle region to manage fluctuating interface loads.

The fibula head region, representing the lateral aspect of the residual limb, shows even higher interface
pressures during the same phases. Recorded pressures are 47.32 kPa during loading response, 43.71 kPa during
midstance, and 46.57 kPa during terminal stance. These elevated values highlight the structural prominence and
limited soft tissue padding over the fibular head, which leads to increased susceptibility to pressure peaks. The
fibular region appears to experience more uneven loading, likely due to socket rigidity and the asymmetric
geometry of the residual limb, necessitating special attention during socket design and fitting.

Additionally, the pressure trend in the pre-swing phase is consistently lower compared to heel strike across
both medial and lateral regions. This is attributed to the offloading of body weight as the limb prepares to enter
the swing phase, leading to reduced vertical forces and diminished socket-stump interaction. During heel strike,
however, a sudden flexion of the knee occurs to absorb the impact, resulting in a brief surge of pressure, especially
in lateral structures. These insights underscore the dynamic and region-specific loading patterns experienced
during ambulation, reaffirming the importance of designing sockets that adapt to the biomechanical demands of
each gait phase.

4. Conclusion

The present study demonstrated that FEA is an effective tool for evaluating interface pressure distribution
between the residual limb and prosthetic socket in transtibial amputees. Validation against experimental data
confirmed the accuracy of the FEA model, particularly at critical anatomical points. Comparative analysis showed
that 3D-printed sockets consistently reduced interface pressure across all points of interest compared to
conventional sockets, with the greatest reduction of 51.7% observed at the tibial end. These reductions indicate
improved pressure distribution and potential for enhanced user comfort and mobility. The findings underscore
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the clinical relevance of 3D-printed, anatomically optimized sockets and support their continued development as
a viable alternative to conventional prosthetic designs.
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