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Abstract: The demand for affordable prostheses, particularly in low- and middle-income countries
(LMICs), is significant. Currently, the majority of prosthetic sockets are manufactured using mono-
lithic thermoplastic polymers such as PP (polypropylene), which lack durability, strength, and exhibit
creep. Alternatively, they are reinforced with consumptive thermoset resin and expensive composite
fillers such as carbon, glass, or Kevlar fibres. However, there are unmet needs that amputees face
in obtaining affordable prosthetic sockets, demanding a solution. This study utilises self-reinforced
PET (polyethylene terephthalate), an affordable and sustainable composite material, to produce
custom-made sockets. Advancing the development of a unique socket manufacturing technique
employing a reusable vacuum bag and a purpose-built curing oven, we tested fabricated sockets for
maximum strength. Subsequently, a prosthetic device was created and assessed for its performance
during ambulation. The mechanical and structural strength of PET materials for sockets reached a
maximum strength of 132 MPa and 5686 N. Findings indicate that the material has the potential to
serve as a viable substitute for manufacturing functional sockets. Additionally, TOPSIS analysis was
conducted to compare the performance index of sockets, considering decision criteria such as material
cost, socket weight, and strength. The results showed that PET sockets outperformed other materials
in affordability, durability, and strength. The methodology successfully fabricated complex-shaped
patient sockets in under two hours. Additionally, walking tests demonstrated that amputees could
perform daily activities without interruptions. This research makes significant progress towards
realising affordable prostheses for LMICs, aiming to provide patient-specific affordable prostheses
tailored for LMICs.

Keywords: prosthetic socket; thermoplastic composite; self-reinforced polymer

1. Introduction

Limb loss is a significant cause of disability arising from diverse factors such as
trauma, conflicts, diabetes, or peripheral vascular disease. Prostheses play a crucial role
in enhancing the quality of life for amputees by restoring functionality and improving
mental and social well-being [1]. A lower-limb prosthesis typically consists of three key
components: a socket, a pylon, and a foot. Among these, the socket, resembling a cup in
structure, is pivotal for load transmission, enabling a natural walking motion with adequate
control and stability [2].

Crafting a custom-made socket for a prosthetic limb typically initiates obtaining a
negative mould of the residual limb. Conventional methods include the Patellar Tendon
Bearing (PTB) casting technique, where a negative mould of the limb is formed using a
plaster cast [3,4]. Subsequently, a positive mould is meticulously adjusted to accommo-
date the individual’s bony prominences and sensitive areas. Despite its reliability, PTB
requires the expertise of skilled prosthetists. In response to its challenges, the Total Surface
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Bearing (TSB) method was developed to distribute pressure uniformly across the stump’s
surface, reducing the risk of discomfort, pressure sores, and skin breakdown. Additionally,
techniques such as hydrostatic pressure casting employ fluid to achieve uniform pressure
across the residual limb [5-9]. Modern CAD/CAM technology has also been utilised to
create a consistent residuum cast by capturing the limb’s shape and refining it using 3D
modelling software [10,11].

A comprehensive review was conducted to categorise state-of-the-art technologies
involved in socket design. Figure 1 illustrates socket materials, manufacturing techniques,
and major companies currently engaged in lower-limb prosthesis production. Thermoplas-
tic polymers like polypropylene (PP) and high-density polyethylene (HDPE) are commonly
used as socket materials, particularly in less-resourced nations, due to their affordability,
availability, and ease of manufacturing [12]. High-performance fibres, such as carbon,
glass, or Kevlar embedded within a thermosetting polymer-based matrix, offer superior
strength and stiffness. Studies have also explored the use of natural or recycled materials
for prosthetic socket fabrication, including renewable plant oil resin with plant fibre com-
posites and sustainable reinforcement fibres like jute, flax, and pineapple fibre [1,13,14].
Additive manufacturing has facilitated the production of prosthetic sockets with controlled
weight [15,16].
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Figure 1. Mapping material technologies, manufacturing techniques, and suppliers for prosthetic
socket fabrication (arrows highlight interconnections).
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The selection of materials and manufacturing techniques for prosthetic sockets is
influenced by factors such as resource availability, cost concerns, and the economic circum-
stances of individual countries. Thermoforming and composite lamination are widely used
methods for socket fabrication. Thermoforming entails heating a thermoplastic sheet to
a semi-molten state and draping it over the male casting model. For instance, Bhagwan
Mahaveer Viklang Sahayata Samiti (BMVSS), an Indian not-for-profit organisation pro-
viding rehabilitation services in 26 countries, employs this method to fabricate transtibial
and transfemoral sockets using high-density polyethylene material [17,18]. However, this
process necessitates multiple clinic visits due to potential inconsistencies. Conversely, the
composite lamination socket manufacturing technique was developed to produce high-
performance sockets by reinforcing synthetic fibres like carbon, glass, or Kevlar with virgin
polymer [19,20]. Composite prosthetic sockets offer greater strength and stiffness than
monolithic thermoplastics. Hybrid fibres have gained traction due to their distinct indi-
vidual properties, yielding highly functional prosthetic sockets. Notwithstanding these
synthetic fibres, numerous studies have explored the use of natural fibres or a blend of
natural and synthetic fibres [21-23].

With advancements in additive manufacturing (AM), numerous studies and com-
panies have leveraged this technique for socket fabrication. Despite the potential of 3D-
printed sockets, additional post-processing techniques are necessary to achieve the required
strength and structural integrity [16,24]. Additionally, ISO 10328 socket testing is widely
employed to evaluate the structural integrity of sockets under various loading conditions,
including front foot and heel strike [16,25].

In this context, self-reinforced polymers (SRPs) were explored as candidate materials
for prosthetic sockets. SRPs offer high material performance with minimal density, hold-
ing promise for environmental conservation [26]. Commercially available SRPs include
poly(ethylene terephthalate) (PET), poly(methyl methacrylate) (PMMA), poly(lactic acid)
(PLA), polyamide 6 (PA6), and polypropylene (PP) [27-32]. Among these materials, stPLA
stands out for its biodegradability advantages, while srPET boasts recyclability due to abun-
dant post-consumer waste streams such as PET water bottles and other food packaging
systems [28,33,34].

This study aims to develop cost-effective manufacturing processes for creating high
performance prosthetic sockets using single-polymer composite (SPC) and dual-polymer
composite (DPC). PLA and PET materials were used for SPC, while glass fibre (GF) and
carbon fibre (CF) were incorporated into a low-tenacity PET matrix for DPC. The study is
structured as follows: Firstly, we outline the methods for manufacturing laminate material
and prosthetic sockets. Secondly, we describe the testing process employed to assess socket
strength. Thirdly, we compare the mechanical properties of SPC and DPC composites,
followed by a comparative analysis of the structural responses of SPC and DPC sockets
against traditional prosthetic sockets. Finally, we mention the fabrication of patient-specific
sockets using srPET and evaluate socket performance through clinical trials.

2. Method
2.1. Ethical Considerations

The study protocol underwent rigorous scrutiny and received approval from the De
Montfort University Ethical Review Committee (Research Ethics Application Approval:
1920/553). Before participation, all subjects provided informed consent, encompassing the
publication of photographs and data on their use of prosthetic sockets.

2.2. Materials

PLA and PET fibres were meticulously chosen based on their distinct melting tem-
peratures to develop commingled yarn, subsequently employed in producing 2/2 twill
woven fabric by COMFIL APS®, Gjern, Denmark. These woven fabrics served as the
foundation for creating Single Polymer Composites (SPCs) and Dual Polymer Composites
(DPCs), denoted as SPLA, SPET, DCEF, and DGE. Table 1 outlines the primary constituents
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of each yarn utilized in woven fabric production. SPLA yarn comprises low-melting LPLA
fibres as a matrix and high-temperature HPLA fibres as reinforcement, rendering it 100%
bio-plastic. SPET yarn, 100% recyclable, incorporates low-melting LPET fibres as a matrix
and high-tenacity HPET fibres as reinforcement. DCF and DGF composites employ LPET
fibres as the matrix, with Carbon fibres (Carbon 12 K) and Glass fibres (E-Glass) serving
as reinforcement. The reinforcement diameter of SPLA, SPET, DGF, and DCF are 16.2 um,
20.8 pm, 13.84 pm, and 5.3 pum, respectively.

Table 1. Primary constituents of the 2/2 twill woven fabric utilised for single and dual polymer
composite manufacturing in this study.

Volume Fraction

Designation ~ Matrix Reinforcement - - Tex (g/m?)
Matrix (v,y) Fibre (vf)

SPLA LPLA HPLA 50 50 360

SPET HPET 49 51 440

DCF LPET Carbon 46 54 1500

DGF Glass 43 57 1570

Figure 2 illustrates the thermogram of commingled SPLA and SPET yarn samples
obtained using DSC-Netzsch DSC 214 polymer equipment. Each commingled yarn sample,
weighing 3 mg, was placed in a Concavus aluminium crucible and heated at 20 °C/min.
Both SPLA and SPET samples exhibited two peaks, indicative of the melting of the matrix
and reinforcement fibres, as depicted in Figure 2. Accurate identification of these peaks
is crucial in determining the process window for consolidating composite laminates and
prosthetic sockets. SPLA demonstrates a narrow process window of 24.87 °C, whereas
SPET boasts a broader process window of 65.31 °C without compromising the integrity of
the reinforcement fibres.
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Figure 2. Differential scanning calorimetry thermograms revealing the melting temperatures of
matrix and reinforcement fibres in SPLA (green) and SPET (blue) commingled yarn.
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During the manufacturing process, EZ-Brush™ Vac Bag Silicone and Ease Release™
200 Aerosol spray from Bentley Chemicals Ltd. in Worcestershire, UK, were employed
to produce a Reusable Vacuum Bag (RVB) and a releasing agent, respectively. A high-
temperature aerosol spray adhesive was utilized to secure the edges of the woven fabric
during socket fabrication.

2.3. Manufacturing and Mechanical Testing of SPC and DPC Laminates

Vacuum-Assisted Consolidation (VAC) at elevated temperatures was employed to
fabricate SPC and DPC composites. Initially, a dry 2/2 Twill woven fabric was trimmed
to dimensions of 400 mm x 400 mm, and six layers were stacked together. These stacked
layers underwent a drying process in an oven set at 50 °C for 24 h to ensure optimal
moisture content. Subsequently, the surface of an aluminium plate was meticulously
cleaned with Acetone, followed by the application of Ease Release™ 200 Aerosol spray to
facilitate easy release of the laminate. The dried woven fabric was then positioned atop the
plate, enveloped within an envelope-type vacuum bag, and introduced into an Infrared
Red-type heating autoclave for composite laminate consolidation.

Maintaining an internal vacuum level of 85%, the exterior of the vacuum bag was
heated at a rate of 5 °C per minute until reaching consolidation temperatures of 155 °C,
200 °C, 220 °C, and 220 °C for SPLA, SPET, DCE, and DGF composites, respectively. The
selection of consolidation temperatures exceeding the matrix melting temperature for each
composite ensured optimal wetting of the melted matrix with reinforcement fibres. Each
composite laminate underwent curing at its designated consolidation temperature for
20 min. Post-curing, the plates were gradually cooled at a rate of 5 °C per minute until
reaching 100 °C before removal from the autoclave for sample preparation. This controlled
cooling process helped maintain the structural integrity and stability of the specimens. To
ensure uniformity and accuracy, each composite laminate was manufactured using VAC
with different consolidation temperatures, as described earlier.

For mechanical testing, dog-bone-shaped specimens were cut from the laminates
using an Epilog laser cutter following ASTM D638 standard specifications. Specimen edges
were polished with sandpaper to minimize stress concentration and premature failure.
Tensile testing was conducted utilizing the Instron 3369 Universal Testing Machine, with
a tension rate of 1 mm per minute until specimen failure. An external strain clip gauge
was mounted within the gauge section of each specimen to accurately measure strain. The
force-displacement response of the laminates was recorded during testing, enabling the
calculation of engineering stress and strain. Quality control measures, including regular
calibration of testing equipment and verification of test results through repeated trials,
were implemented to ensure the reliability and repeatability of mechanical testing data.

2.4. Fabrication of Reusable Vacuum Bag (RVB)

Utilizing precision CNC machining, an aluminium block was meticulously carved
based on the design outlined in Figure 3, resulting in the creation of a socket mould and
vacuum plate. The integration of the vacuum plate and socket mould, depicted in Figure 3b,
constituted the formation of the RVB essential for socket manufacturing.

To ensure optimal adhesion and release properties, the assembled components un-
derwent thorough cleaning with Acetone followed by the application of Ease Release™
200 Aerosol spray across their surfaces. Subsequently, a precisely measured quantity of
450 g each of part A and part B was combined to produce a total of 900 g of the two-part
EZ~Brush™ Vac Bag Silicone resin. To eliminate any potential presence of trapped air
within the mixture, it was subjected to a degassing process under vacuum conditions. The
degassed silicone resin was then carefully poured over the mould, allowing it to uniformly
cover the surfaces under the influence of gravity. Following a curing duration of 30 min,
the RVB was delicately removed from the mould. Notably, the resultant RVB exhibited
identical contours to the socket assembly, boasting a consistent wall thickness of 2 mm
throughout its structure.
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Figure 3. Fabrication of Reusable Silicone Vacuum Bag: (a) Sketch of aluminium mould geometry.
(b) Fabrication of silicone vacuum bag. (c) Photograph of the reusable silicone vacuum bag. Prosthetic
socket manufacturing steps: (d) Aluminium mould fabrication. (e) Wrapping fabric over the mould.
(f) Vacuum application during consolidation. (g) Continuation of consolidation. (h) Photograph of

the cured socket. (i) Infrared curing oven with heating elements. (j) Thermal images showing mould
surface temperature.

2.5. Fabrication and Structural Testing of ISO Socket

The initial phase involved thorough cleaning of the vacuum plate, socket mould,
and reusable vacuum bag (RVB) using Acetone, ensuring pristine surfaces essential for
socket manufacturing. Subsequently, Ease Release™ 200 Aerosol spray was uniformly
applied to these components at each stage, facilitating easy release and preventing potential
adhesion issues. Crucial components in socket construction, the woven fabrics, underwent
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a meticulous drying process at 50 °C for 24 h, eliminating any residual moisture that could
compromise structural integrity. Once dried, the fabrics were precisely trimmed to fit the
socket’s geometry and carefully wrapped around the mould as per predetermined design
specifications. To ensure secure adhesion and prevent unravelling, aerosol spray adhesive
was judiciously applied to the material edges, critical for maintaining structural integrity
during consolidation.

The assembly, comprising wrapped fabric layers and the socket mould, was then
enclosed within the RVB, acting as a protective barrier during consolidation. Transported
to a specially designed circular autoclave (refer to Figure 3), the assembly underwent
consolidation under controlled conditions.

Equipped with eight 500 W ceramic infrared heating elements mounted along its
circumference, the autoclave ensured uniform heating of the mould assembly’s surface,
maintaining consistent consolidation temperatures. Temperature profiles for SPC and DPC
consolidation, programmed into the autoclave’s PID controller, mirrored those employed
during laminate fabrication.

The effectiveness of the consolidation process was validated through thermogram im-
ages captured during elevated temperature cycles, demonstrating uniform heat distribution
across the mould assembly’s surface.

Adhering to a consistent manufacturing protocol, both SPC and DPC composite
sockets were meticulously crafted, varying only in the number of layers. SPCs (SPLA
and SPET variants) were composed of three, six, or nine layers, while DPCs (DCF and
DGF variants) incorporated two, three, or six layers, tailored to specific design and
structural requirements.

To determine socket ultimate strength, ISO 10328 standards were adhered. A custom
rig made of hardened steel was utilized, with load application points on both bottom
and top platens, machined at specific offset distances from steel mandrels connecting the
socket. Figure 4a depicts alignment setup for assembling the socket’s test rig. Initially, a
10 mm hole was drilled in the check socket’s distal end for mounting a single-hole pyramid
connector. Plaster of Paris (PoP) slurry was then used to create a limb dummy, with the top
steel arm inserted into the check socket using a bench alignment rig and left for at least 24 h
before testing.

Tests were conducted using an Instron 3369 universal testing machine with a 25 KN
load cell, applying load to the socket sample at a rate of 100 cap N/s until failure or reaching
a maximum load of 6000 cap N. Socket failure was determined as the point beyond which
it could not support any increasing load.

The study involved testing 36 sockets, with three tested for each material and thick-
ness. Accuracy was ensured by creating a new limb dummy for each test using PoP and
integrating new socket connectors to directly compare performance.

2.6. Fabrication and Evaluation of Patient-Specific Socket

Upon evaluating the strengths of the SPC sockets, the SPET socket was selected for
manufacturing patient sockets due to its superior strength compared to the SPLA socket.
The objective was to create a prosthetic socket tailored to each patient using the Patella-
Tendon Bearing method.

The fabrication process commenced by wrapping cling film around the residual limb
to create a mould, capturing pressure-sensitive and pressure-tolerant areas. A wet PoP
bandage was then applied to form a negative cast, accurately replicating the limb’s shape.
Skilled prosthetists modified the positive cast based on a typical standard marking protocol,
ensuring optimal weight distribution and comfort for the amputees (see Figure 5a).
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Figure 4. (a) A three-dimensional sketch illustrating various rigid and deformable elements of the
test rig used for assessing compressive strength. The inset provides dimensions of top and bottom
plates for simulating forefoot loading. (b) A photograph showing the socket assembly mounted in
the compression-testing machine before testing.

Similar to the preparation of test sockets, patient-specific casts underwent drying in an
oven at 200 °C for one hour to eliminate moisture content. Meanwhile, six layers of woven
PET fabric were dried at 50 °C for 24 h, following the same process as PET laminates or
ISO sockets.

To prevent any chemical reaction between the cast and resin, thin RVBs were used
to isolate the cast from the central arrangement. The fabric was wrapped over the cast
in layers, with the pyramid-type connector placed at the distal end’s top. Aerosol spray
adhesive was applied to securely bond the edges of each fabric layer. A tight RVB was then
drawn over the fabric to prevent wrinkling and unravelling. Finally, the primary RVB was
placed over the entire arrangement and firmly secured with stainless steel pipe clamps.

The complete setup was transferred to an autoclave, where the temperature profile
from the test socket curing was followed to solidify the patient-specific socket. Iden-
tical manufacturing processes were employed for all seven patient-specific sockets for
unilateral amputees.

To evaluate the performance of the patient socket, the widely adopted Six-Minute
Walking Test (6MWT) was used to assess the walking ability of unilateral amputees with
PET sockets. Prior to the test, participants received comprehensive written and verbal
explanations of the protocol. Precautionary measures were taken to ensure the trial’s safety,
including careful examination of residual limbs for any wounds or blisters, and thorough
inspection of the socket, pylon, and foot alignment using the Laser posture instrument.

During the 6MWT protocol, patients walked for 6 min along a 12 m-long hallway
marked with cones, wearing Jaipur foot prosthetics. The wearable gait setup device,
consisting of two wearable footbeds with Force Sensitive Resistors (FSR) and a burster
potentiometer to assess force and knee flexion angle relative to the hip, was attached to
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the participants’ legs using Velcro or adhesive straps [35]. Data on vertical GRF from each
FSR and sagittal knee flexion angle from each leg were extracted using a controller box,
enabling the analysis of gait performance. All amputees completed the 6MWT without
experiencing any interruptions or pain.
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Figure 5. Stages in the manufacturing process of patient-specific sockets: (a) Patient positive cast
with thin vacuum bag, (b) placement of adaptor after three layers, (c¢) draping the vacuum bag,
(d) transferring the setup to purpose-built curing oven, (e) cured patient-specific socket, (f) Unilateral
amputee utilizing a wearable gait setup, (g) Experimental protocol followed during the field trial.

3. Result
3.1. Structure of SPC and DPC Laminates

Figure 6 presents an optical microscopy image offering insight into the cross-section
of both Single-Polymer Composite (SPC) and Dual-Polymer Composite (DPC) laminates.
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This visual reveals the presence of two distinct phases within the laminates: the matrix
and the reinforcement fibres. Employing a vacuum-assisted consolidation (VAC) process
coupled with carefully selected consolidation temperatures, we ensured the preservation
of the original shape of the reinforcement fibres. As a result, the matrix fibres underwent
melting, leading to the formation of a homogeneous monolithic medium that encapsulates
the reinforcement fibres effectively. Furthermore, meticulous attention to the consolidation
process facilitated optimal bonding of all stacked layers, contributing to a uniform distribu-
tion of reinforcing fibres throughout each laminate. This structural integrity is crucial for
enhancing the overall mechanical properties and performance of the prosthetic sockets.

Figure 6. Cross-sectional optical microscopy images of (a) SPLA, (b) SPET, (c¢) DGF, and (d) DCF
composite laminates.

3.2. Mechanical Response of the SPC and DPC Composites

In Figure 7, the tensile response of both SPC and DPC composites is illustrated through
the mechanical testing of laminated dog-bone specimens. The SPLA composite exhibited
an elastic-brittle failure mode, characterized by an average strain of 2% in both longitu-
dinal and transverse directions. In contrast, SPET displayed an elastic-plastic response,
showcasing a yield strength of 56 MPa and a failure strain of 20%. Remarkably, the yield
strength of SPET was consistently defined in both directions at 56 MPa, indicating its robust
mechanical properties compared to SPLA.
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Figure 7. Measured tensile response of single and dual polymer composites investigated in this study.

The DGF and DCF composites demonstrated superior mechanical characteristics,
including high strength, modulus, and reduced average strain compared to SPLA and
SPET. The DPCs (GF and CF) exhibited an elastic-brittle response predominantly governed
by the reinforcing fibres, indicative of their structural integrity and reinforcement efficiency.
A comprehensive summary of the critical mechanical properties of the SPC and DPC
composite laminates is presented in Table 2.

Table 2. Material properties of the Single and Dual polymer composites used in this study.

Parameters SPLA SPET DCF DGF
Young’s Modulus (E;, GPa) 3.85 £ 0.52 445 £0.31 28.3 £ 0.28 21.05 + 1.15
Young’s Modulus (E, GPa) 3.7 £ 0.39 435+ 0.25 22.6 £0.7 16.8 £ 3.2

Strain at break Es{ %g 1.6 £ 0.1 195+ 075 2.24 £ 0.05 217 £0.13

Strain at break (e}, % 1.8 £0.15 18.7 + 0.56 2.05 £ 0.05 22401
Stress at break Eg{ , Mpag 40+05 127 £ 4 358.5 £ 7.77 258 + 23
Stress at break (o}, MPa 43 +02 132+5 2235+ 2.12 242 £ 8

Specifically, the DCF composite samples exhibited the highest Young’s modulus
(28.3 GPa) and ultimate tensile strength (358.5 MPa) along the warp direction, highlight-
ing their exceptional mechanical performance. Furthermore, the ranking of Young’s
modulus across the SPC and DPC composites, as outlined in Table 2, follows the order:
stCF > srGF > srPET > srPLA. Notably, SPET demonstrated a significantly higher
failure strain compared to all materials under investigation, indicating its enhanced
ductility and resilience under tensile loading conditions.

3.3. Structural Response Analysis of SPC Sockets

The compressive response of the SPC prosthetic sockets was analysed, as depicted in
Figure 8a. Initially, the load exhibited a linear increase with displacement during the initial
loading phase, indicative of an elastic response. Subsequently, the sockets demonstrated a
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softening response, where further loading resulted in a reduction in stiffness. This softening
behaviour transitioned into a hardening response under increased loading conditions,
although in some cases this phase led to socket failure.
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Figure 8. Measured compressive response of (a) single polymer and (b) dual polymer composite
prosthetic sockets.

Remarkably, SPLA sockets displayed varying degrees of mechanical integrity during
testing. With the exception of SPLA9IL, all SPLA sockets suffered fractures during the
loading process. SPLA9L, however, surpassed the loading criterion of 3020 N, exhibiting
a typical ductile response characterized by a yield strength of 1800 N and a maximum
displacement of 52 mm.

Figure 9 provides insight into the material failure observed at the distal end of the
SPLA socket. The failure mechanism initiated at the distal end and propagated circumfer-
entially around the socket, with some instances showing the presence of vertical cracks.
Notably, the material failure process exhibited a prolonged duration, suggesting a complex
failure mode.

(a) (b) (c)

Figure 9. Photograph of the SPLA socket showing material failure (a) SPLA3L, (b) SPLA6L, and
(c) SPLA9L.
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All SPET sockets exhibited exceptional mechanical performance, surpassing the load-
ing criterion of 4025 N. SPET3L and SPET6L failed at loads of 5686 N and 5781 N, respec-
tively, while SPETIL withstood the maximum load of 6000 N. Interestingly, SPET sockets
displayed a ductile response, with higher displacements of 40 mm and 72 mm observed for
six and nine layers of SPET sockets, respectively.

Furthermore, the strength of all SPC sockets at different load profiles, including
A100, A111, and A125, was assessed (refer to Figure 8a). These loading levels were
based on locomotion data acquired during the development of ISO 10328, with A111
and A125 extrapolated from simulation and field observation. The results indicate that
SPET sockets exhibited high reliability across all loading conditions.

While sockets made from three and six layers of SPET surpassed the upper limit of
the loading criterion for the high associated level of A125, SPET9L demonstrated resilience
by withstanding a load of 6000 N. However, further optimization of layer configurations
may be required to meet the ISO strength requirement. Conversely, SPLA sockets exhibited
significantly lower maximum strength levels, with the 9-layer SPLA socket withstanding a
maximum load of 3200 N.

Based on these findings, it can be concluded that SPET sockets offer a more reliable and
durable option across various loading conditions, highlighting their potential as superior
prosthetic socket materials.

3.4. Structural Response Analysis of DPC Sockets

Figure 8b illustrates the structural response of DPC sockets during ISO strength testing,
presenting a load versus displacement profile akin to that observed for SPC sockets under
compression loading. However, notable differences emerged, particularly in the stiffness of
DPC sockets fabricated from DGF and DCF materials compared to those made from SPLA
and SPET.

Observations revealed that DCF and DGF sockets exhibited greater stiffness, primarily
influenced by the reinforcing fibres rather than the PET matrix. Despite passing the P5
loading condition threshold, DCF2L, DGF3L, and DGF2L sockets failed to reach the 6000 N
mark due to material-related failures as the load decreased beyond the maximum strength.

However, DGF2L and DGF3L sockets reached maximum loads of 4016 N and
4717 N, respectively, while the DCF socket withstood all associated load criteria without
fracture. The homogeneous mechanical properties of DCF rendered it a suitable material for
definitive sockets for amputees. It is noteworthy that the standard DCF socket fabrication
with thermosetting resin failed to reheat for reshaping based on the socket’s contours. Nev-
ertheless, the fabrication process demonstrated with SPC and DPC thermoplastic sockets
underscores its feasibility and prudence.

Our study underscores the potential of prosthetic sockets crafted from SPC and DPC
materials to meet ISO strength requirements while providing a comfortable fit for am-
putees. However, further research is warranted to determine the optimal number of layers
necessary to reduce the socket’s mass and minimize the metabolic energy required for
walking. The versatility of SPC and DPC materials allows for customization to accommo-
date amputees of varying body masses, highlighting their adaptability and potential for
widespread application in prosthetic socket design and fabrication.

3.5. Foot Pressure Analysis of Unilateral Amputees

The foot pressure analysis of unilateral amputees involved the extraction and
processing of data obtained from a wearable gait setup using MATLAB R2022a (Math-
Works, Natick, MA, USA). Participants covered a distance of 196 m with a velocity of
0.5454 m/s and a cadence of 40 steps/min. Analysis of the gait cycle revealed that, on
average, the amputated leg spent 60.7% and 39.23% of the cycle in the stance and swing
phases, respectively, while the healthy leg exhibited 71.1% and 28.89% in the respective
phases, indicating a discrepancy in temporal phasing between the amputated and
intact limbs.
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During the 6 min walking test (6MWT), the sagittal knee flexion angle of unilateral
amputees wearing SPET prostheses was assessed relative to the hip. Figure 10a,b illustrates
the gait phases and knee flexion angle of the amputee during the trial. Despite variations
in temporal phasing and amplitude, the angular displacement pattern remained consistent
across various locomotion phases. The amputated PET socket limb exhibited a maximum
mean angle of 51 degrees and demonstrated a prolonged duration to reach the swing phase.
Additionally, slight alterations were observed in the intact limb’s biomechanics when using
PET prostheses, highlighting the significant impact of the prosthesis on both intact and
amputated limb gait patterns.
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Figure 10. (a) Comparison of various gait phases of a unilateral amputee. (b) Measured mean and
standard deviation of the knee flexion angle. (c—f) Plantar force distribution (PFD) at the four FSR
locations: toe, metatarsal 1, metatarsal 4, and heel of the healthy limb. (g—j) Plantar force distribution
(PFD) at the four FSR locations: toe, metatarsal 1, metatarsal 4, and heel of the amputated limb.
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The foot pressure analysis included participants who received prostheses as part of the
patient-specific socket trial. Seven patients from India, existing users of prostheses, were
included in this study, all of whom were still wearing their previous prostheses at the time
of inclusion. These participants quantified their current health state and retrospectively
compared it with their health state before receiving the new prostheses. Long-term follow-
up assessments revealed high levels of satisfaction among the participants, who continued
to use the provided sockets consistently.

To analyse pressure distribution and gain insights into pathological conditions, vertical
ground reaction force (VGRF) data were collected from each force-sensitive resistor (FSR) at
12 distinct instances throughout the 6MWT, with one datum recorded every 30 s. The percentage
contribution of VGRF over the gait’s stance phase, shown in Figure 10cj, revealed distinct
pressure distribution patterns between the intact and amputated limbs. The intact limb exhibited
greater engagement of the heel and toe regions, with minimal participation at the metatarsal
1 region, while the amputated limb relied more on the metatarsal head region, indicating an
altered pressure distribution compared to the intact limb.

The analysis underscores the importance of assessing foot pressure distribution in
understanding the biomechanical adaptations associated with prosthetic sockets, par-
ticularly in optimizing mobility and comfort for amputees. These findings contribute
valuable insights into the design and performance of prosthetic sockets, emphasizing the
need for personalized and optimized designs to enhance overall gait performance and
user satisfaction.

4. Discussion

We commence our discussion by comparing the mechanical properties of the SPC and
DPC composites with those of current prosthetic socket materials. We chose ultimate tensile
strength and Young’s modulus as critical mechanical properties of the socket materials to
meet the ISO strength requirement. Figure 11 depicts these properties alongside those of
unreinforced plastics and additively manufactured materials. Notably, the strength and
stiffness of SPC and DPC can cover the entire range of commonly used prosthetic socket
materials. However, it is important to note that various parameters such as composite
layup, orientation, architecture (woven or knitted), and infill density govern the materials’
mechanical properties. Thus, a direct comparison is challenging due to the wide range of
materials with different combinations and architectures. We scrutinized materials tested in
socket form, with only eight open literature studies reporting both socket structural testing
and relevant mechanical properties of the material used.
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Figure 11. An Ashby chart comparing the strength and stiffness of the single and dual polymer
composites with that of traditional prosthetic socket materials [1,6,12,15,36—-46].

Material cost, socket weight, and socket strength were identified as critical perfor-
mance indicators for comparing prosthetic sockets using the Technique for Order of Prefer-
ence by Similarity to Ideal Solution (TOPSIS) [47]. To rank the materials, we considered the
cost of SPLA, SPET, DGE, and DCF woven fabric per kilogram, which are USD 25, USD
13, USD 10, and USD 32, respectively. However, the material cost of other materials in
Table 3 has not been reported. We used a linguistic scale from 1 (low cost) to 10 (expensive)
for comparison. The decision criteria, represented by Xl-j, for material cost, socket weight,
and strength are shown in Table 3. We only considered sockets that met the strength
requirement of ISO 10328 from A100 to A125, which can adequately support an amputee
body mass of 100 kg to 175 kg.

First decision criteria, X;; is normalised by using the equation:

Xij= —F—
JE%
i=1

The resulting normalised decision matrix, Xi]', for material cost, socket weight, and
strength are presented in Table 3. This normalised decision matrix is then further weighted
based on the importance criteria, W;, as presented in Table 4. Material cost and weight
are given equal importance, while socket strength has higher importance than their cost
and weight.



Prosthesis 2024, 6 473

Table 3. The absolute, normalised, and weighted criteria of the prosthetic socket materials.

. Material Cost Socket Weight Socket Strength
Materials — — —
Xij Xij Vij Xij g X Vij Xiy N X Vij

SPLA 3 0.1069 0.0321 342 0.2065 0.0619 3195 0.1690 0.0676
SPET 2 0.0712 0.0214 423 0.2554 0.0766 5781 0.3058 0.1223
DGF 1 0.0356 0.0107 236 0.1425 0.0427 4747 0.2511  0.1004
DCF 5 0.1781 0.0534 260 0.1570 0.0471 5717 0.3024 0.1210
Braided Carbon-fibre lamination 10 0.3562 0.1069 287 0.1733  0.0520 5575 0.2949  0.1180
Carbon-fibre lamination 10 0.3562 0.1069 474 0.2862 0.0859 6462 0.3418 0.1367
PETG 6 0.2137 0.0641 557 0.3363  0.1009 4091 0.2164  0.0866
3D Printed PLA 10 0.3562 0.1069 661 0.3991 0.1197 3836 0.2029  0.0812
carbon glass stockinette 10 0.3562 0.1069 382 0.2306 0.0692 3073 0.1625  0.0650
Nyglass, carbon cloth, and resin 7 0.2494 0.0748 410 0.2475 0.0743 6505 0.3441 0.1376
3D printed PLA 10 0.3562 0.1069 544 0.3285 0.0985 4707 0.2490  0.0996
Orfitrans Stiff 8 0.2850 0.0855 733 0.4426 0.1328 5958 0.3151 0.1261
3D-printed tough PLA 10 0.3562 0.1069 350 0.2113 0.0634 6700 0.3544 0.1418

Table 4. The applied criteria weight and calculated best and worst values from normalised weights
for the socket materials.

Criteria Criteria Weight, W; V]T = min(V;) V;‘_ = max(V;j)
Material cost 30 0.0107 0.1069
Socket weight 30 0.0427 0.1328
Socket strength 40 0.0650 0.1418

Using the following equation, we apply the importance criteria weights to the nor-
malised matrix.
Vij = Xij x Wi
The Vj; is the normalised decision matrix used to calculate the performance metrics of
the socket material and is presented in Table 3. The normalised decision matrix Vj; is then
further used to determine the ideal best and worst value for each decision criteria of the
socket by using the Equation:
V;" = min(V;)

v = max(vy)

The calculated ideal worst, Vj+, and best, Vj_, values are presented in Table 4. These

values are used to determine the Euclidean distance or separation distance, Si+ and S;,
from ideal worst and best value by using the Equation:

Mo N 0.5
=L (v |

r 105
%= :Zl (v-v7)’

The calculated separation distance, S;r and S;, are reported in Table 5. These values
are used to calculate the performance index using the Equation:

S

1

p=—"*1t _
bSh+s
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Table 5. The calculated Euclidean distance from the ideal worst and best value, performance index
and ranking for the prosthetic socket materials.

Materials S;-' S; p; Rank
SPLA 0.0288 0.1269 0.8148 1
SPET 0.0674 0.1041 0.6070 3
DGF 0.0354 0.1381 0.7958 2
DCF 0.0705 0.1031 0.5937 4
Braided Carbon-fibre 0.1102 0.0842 0.4332 7
lamination

Carbon-fibre lamination 0.1275 0.0472 0.2701 12
PETG 0.0819 0.0768 0.4839 6
3D Printed PLA 0.1242 0.0620 0.3328 10
carbon glass stockinette 0.0998 0.0997 0.4997 5
Nyglass, carbon cloth and resin 0.1019 0.0668 0.3962 8
3D printed PLA 0.1164 0.0543 0.3181 11
Orfitrans Stiff 0.1320 0.0265 0.1673 13
3D-printed tough PLA 0.1248 0.0694 0.3573 9

Table 5 lists the calculated performance index, P;, used to rank the prosthetic socket
materials based on material cost, weight, and strength.

The rankings presented in Table 5 enable us to compare various socket materials based
on normalized weights. The performance index of SPC and DPC composites exceeds
that of traditional high-performance prosthetic socket materials by over 50%, with the
SPC and DPC sockets occupying the top four rankings in Table 5. Considering that SPLA
bio-degradable and SPET are fully recyclable and widely available, SPET emerges as the
most suitable material for fabricating prosthetic sockets. It is worth noting that SPC is easy
to manufacture with commingled yarns and does not require resin infusion.

Moreover, SPC offers the advantage of being easily remoulded using a hot-air gun,
enabling prosthetic socket correction based on amputee feedback during fitting or after
prolonged use. In contrast, advanced thermoset composite composites meet necessary
socket strength requirements, but lack the flexibility for modification after consolidation,
necessitating new socket fabrication for geometry adjustments based on user feedback.
While high-performance toughened thermoplastics offer similar flexibility to SPCs, they
remain inaccessible to low-resourced nations. Conversely, 3D-printed sockets demonstrate
poor performance, with less than 25% efficiency, due to high costs and fabrication time.

Socket strength alone does not suffice as the sole criterion for measuring performance;
it merely ensures safe body weight support. The assessment of a newly manufactured
socket’s performance requires user feedback on fit and walking ability without support. Pa-
tient trials conducted in India have yielded positive feedback, with participants expressing
high levels of satisfaction and continued usage of provided sockets. Long-term follow-up
assessments revealed significant improvements in participants” quality of life, underscoring
the effectiveness of personalized and optimized socket designs in enhancing mobility and
comfort for amputees. In summary, our discussion underscores the significance of person-
alized and optimized socket designs, highlighting SPC and DPC composites as promising
materials for enhancing mobility and comfort for amputees. The integration of patient
trials and feedback mechanisms is vital for advancing prosthetic socket technology and
improving outcomes for amputees worldwide.

5. Conclusions

In conclusion, our study showcases the successful development of a cost-effective
manufacturing approach for prosthetic sockets using single polymer composite (SPC) and
dual polymer composite (DPC). Using purpose-built infrared curing ovens, commingled
yarn, and reusable vacuum bags, we have demonstrated the feasibility of producing novel
prosthetic sockets from SPC and DPC composites without requiring resin infusion.
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Our findings indicate that SPLA sockets meet the A100 (100 kg) level strength re-
quirement, while SPET, DGEF, and DCF sockets surpass this standard, meeting the more
stringent A125 (175 kg) level. This underscores the robust structural integrity of SPC and
DPC prosthetic sockets, which can be further optimised by adjusting the wall thickness.
Using the Technique for Order of Preference by Similarity to the Ideal Solution (TOPSIS)
method, we conducted a comprehensive comparative assessment of prosthetic sockets
based on material cost, socket weight, and strength. Our analysis reveals that SPLA sockets
outperform SPET, DGF, and DCF sockets across these decision criteria, highlighting their
cost-effectiveness and strength performance.

Furthermore, our study identifies the SPET socket as an ideal candidate for prosthetic
socket applications due to its mouldable nature and recyclable properties. Additionally,
DGF and DCF sockets demonstrate significant potential for fabricating sockets tailored
to the needs of active amputees, offering versatility and durability. The performance
index of all tested sockets surpasses that of commercially available prosthetic sockets,
indicating the superior performance and potential of SPC and DPC composites in prosthetic
manufacturing. These materials offer enhanced strength, adaptability, and cost-efficiency
compared to traditional alternatives.

To summarize, our research contributes to advancing prosthetic socket technology
by providing a cost-effective, customizable, and high-performance solution. SPC and
DPC composites hold great promise for improving mobility, comfort, and overall qual-
ity of life for individuals with limb loss. Further studies and clinical trials are war-
ranted to validate and refine the efficacy of these innovative prosthetic socket materials in
real-world applications.
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