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Abstract: Background: Transtibial prosthetic sockets are critical components in the complete
assembly of a prosthetic, as they form the major load-bearing parts by housing the residual
limb of a prosthesis user. Conventional procedures for manufacturing these sockets require
repeated iterations and manual casting, baking, and drying, which often lead to longer
processing and waiting times. Additive Manufacturing (AM) enables the creation of
bespoke designs with meticulous control over the socket’s shape, thickness, and material
composition. Method: To design and propose an optimal socket design to a lower-limb
prosthetic user based on their preference of activity such as walking, running, and jumping,
we investigated seven materials—Polypropylene (PP) standard material for conventional
socket fabrication, Polylactic-acid-plus (PLA+), Polyamide (PA) Natural, Polyamide-6-
Glass-Fiber (PA6-GF), Polyamide-copolymer (CoPA), Polyamide-6-Carbon-Fiber (PA6-CF),
and Polyamide-12-Carbon-Fiber (PA12-CF)—that have AM compatibility by subjecting
them to heavy external loading and evaluating their von Mises stress—strain behavior.
Result: Using Finite Element Analysis (FEA), we evaluated a single-material design and
a combination design with two materials—one major (low cost) and one minor (higher
cost)—to optimize a composition that would bear heavy external loads without yielding. A
maximum load-bearing capacity of 3650 N was achieved with the combination of PLA+
and 31.54 vol% PA6-CF (30.23 weight%, 99.13 g), costing about USD 14 for the total socket
material. Similarly, a combination of PLA+ with 31.54 vol% PA6-GF (30.76 weight%,
101.67 g) exhibited a maximum load-bearing capacity of 2528.91 N. Conclusions: The
presence of high-strength CF and GF in minor compositions and at critical locations within
the transtibial socket are the suggested reasons for these enhanced load-bearing capacities,
due to which these sockets could be used for undertaking a wider range of activities by the
prosthesis users.

Keywords: transtibial socket; additive manufacturing; FEA; von Mises stresses

1. Introduction

The incidence of lower-limb amputation is a large and growing healthcare issue in
the developed and developing world. Such amputees often face societal hurdles in terms
of discrimination, limited opportunities, social stigma, financial burden, and dependence
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on other members for their daily routines [1]. The provision of a prosthetic limb that is
functional and comfortable helps to alleviate some of these issues. With the advancement
in prosthetic technology, several modern artificial devices have been invented, which assist
such patients to lead a normal life. The Global Artificial Lower-Limb Prosthetic market
size at present is USD 1.1 billion and is estimated to expand at 4.70% from 2024 to 2030,
which would be further augmented due to the prevalence of comorbidities such as diabetes
among an aging population [2]. A further segmentation of the lower-limb prosthetic market
could be artificial prosthetic knee, leg, foot, and ankle [3]. Among these, both transfemoral
and transtibial prosthetics are the most commonly demanded products, and their suc-
cess is largely dependent upon the quality of the socket component used as a part of its
complete assembly.

To replace the limb, a fully functional prosthesis is necessary, capable of mimicking the
motion of the limb and supporting the body during routine activities. A precisely designed
socket is essential for achieving this functionality. A socket acts as a coupling device,
connecting the residual limb to the prosthetic limb [4]. A robust and comfortable socket is
indispensable for the proper use of the prosthetic limb, as it is responsible for efficiently
transferring forces from the residual limb to the prosthesis during a gait motion. Patients
expect a prosthesis that fits snugly, offering the highest levels of comfort and functionality.
Additionally, the prosthesis should be esthetically pleasing and lightweight [5].

The utilization of transtibial prosthetics is crucial for individuals who have undergone
lower-limb amputations, as these prostheses facilitate mobility and enhance a prosthesis
user’s overall quality of life. The design and selection of materials for these prostheses are
paramount in determining their performance, comfort, and durability [6].

Prosthetic sockets are fabricated using various technologies, including wood-based
sockets, laminated sockets, and 3D-printed sockets [7-9]. As technology continues to
advance, the demand for robust, functional, and lightweight sockets is on the rise. Con-
ventional prosthetic production techniques, such as plaster casts, hand craftsmanship, and
numerous fitting sessions, can lead to less-than-ideal fits and are frequently expensive
and time consuming [10]. Conversely, 3D printing provides several benefits, including
lower costs, greater personalization, and better patient outcomes. Traditional methods of
manufacturing sockets often fail to achieve the precise fitment required, resulting in loose
fitting that allows for relative motion between the socket and the residual limb, leading to
discomfort [11,12]. The Polypropylene (PP) material utilized in the fabrication of sockets
needs to be substituted with alternative composite materials to enhance the mechanical
properties of the socket, thereby extending its lifespan and increasing comfort for a pros-
thesis user. PP as a polymer material is subject to variations in mechanical properties with
varying atmospheric temperatures and moist conditions, which is undesirable.

Historically, the fabrication of prosthetic sockets relied on manual techniques like
casting and molding. While effective, these methods often lacked precision and scalability.
These limitations have spurred a transition towards digital and automated solutions,
thereby enhancing the accessibility and adaptability of prostheses [13].

Lower-limb prosthetic sockets, and particularly those designed for transtibial prosthe-
sis users, are subjected to substantial mechanical loads during activities such as walking or
climbing stairs. The distal region of these sockets often encounters elevated stress levels,
resulting in material fatigue and eventual failure. Traditional materials like PP have been
widely used in the prosthetics industry but may not adequately meet the requirements
of contemporary and active individuals [14]. The incorporation of advanced materials
such as carbon fiber-reinforced polyamides Polyamide-12-Carbon-Fiber (PA12-CF) and
Polyamide-6-Carbon-Fiber (PA6-CF) and glass-filled composite Polyamide-6-Glass-Fiber
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(PA6-GF), in conjunction with flexible materials like Polylactic-acid-plus (PLA+), presents a
potential solution to these challenges [15].

AM techniques such as Fused Deposition Modeling (FDM) enable the precise place-
ment of materials, facilitating strategic design enhancements. Through the combination
of high-strength materials in the distal region and cost-effective, flexible materials in the
proximal region, prosthetic sockets can achieve an optimal balance of strength, comfort,
and affordability [15]. Recent research emphasizes the benefits of using FEA to evaluate the
mechanical performance of prosthetic sockets [16]. For instance, simulation studies have
demonstrated how PLA+ sockets, though cost-effective, show higher deformation under
dynamic loads compared to advanced composites like PA12-CE. These findings stress the
importance of material selection to ensure both stability and comfort [15]. Other studies
showcased the integration of lattice structures in socket designs, which improves flexibility
and reduces material usage while maintaining strength [9,17].

Material selection plays a critical role in the success and performance of load-bearing
prostheses fabricated using AM technology. Researchers have explored a wide range of
material combinations, including PLA+, carbon, carbon-Kevlar, fiberglass fiber reinforce-
ments, and cement-sprayed sockets [18-20]. PLA+ is also commonly employed in the
manufacturing of sockets. To determine whether the sockets can reliably support the loads
imposed by the user’s weight and movement, they were subjected to ultimate strength
testing in accordance with BS EN ISO 10328-2006 test guidelines [21]. Two distinct stances
of the human gait cycle were examined to ensure functionality: heel strike, which is more
susceptible to stresses, and toe off. During regular walking, the socket endures repeated
stress from the ground, with the highest forces exerted by the ground reaching up to
110-120% of the individual’s body weight [21]. Actions such as jumping, turning, and
changing pace can induce even higher and more rapid stress levels [22]. To prevent the
socket from failing, the maximum force (failure force) of the prosthetic socket must be
sufficiently robust to manage the cumulative effects of these stresses encountered during
daily activities.

With these aspects of the design and fabrication of transtibial sockets, it has been
observed that there is still limited disruption caused by digital technologies in this domain.
Several parts of the world are still dependent upon the conventional technologies of
plaster casting, molding, and sheet draping for the design and fabrication of transtibial
sockets, which leads to excessive time consumption, longer waiting times for patients, and
lower accuracy.

Therefore, in this paper, we attempt to investigate the mechanical properties of 3D
printable materials that could be sustainable for fabricating these sockets such that these
sockets could bear heavier external loads that a prosthesis user would bear during different
sets of activities such as standing, walking, running, and so on, using FEA. Materials such
as PLA+, Polyamide (PA) Natural, PA6-GF [23], Polyamide-copolymer (CoPA), PA6-CF,
and PA12-CF have been investigated as single materials and as a two-material combina-
tion for designing a hybrid socket that would be able to sustain heavy external loading
without failures. As the range of materials available for 3D printing continues to expand,
it becomes increasingly crucial to assess their suitability for load-bearing applications in
prosthetic devices.

2. Materials and Methods
2.1. Transtibial Socket Design

A 3D model of a residuum of a transtibial prosthesis user model was obtained from
GitHub [24] as an open-source repository to design a transtibial prosthetic socket for ana-
lyzing the load distribution across various sections of the socket, to ascertain its reliability
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in real-life situations. Autodesk Meshmixer 3.5.0, an open-source Computer-Aided Design
(CAD) modeling software, was used to design this socket with an overall thickness of
4 mm [25] to the socket as shown in Figure 1. The markings on the residual limb that forms
the basis of a socket design have been recommended by a certified and experienced Clinical
Prosthetist and Orthotist (CPO) who also provided positive feedback for the socket design.
The socket model comprised a volume of 300 cm?, an overall height of 296 mm, and a
total weight of 330 g for PLA+ and 300 g for PP. ANSYS 2022 R2 was used for applying an
external load of 1300 N on this socket design [26] for various materials such as PLA+, PA
Natural, PA6-GF, CoPA, PA6-CF, and PA12-CE.

Socket creation
over the

residuum model. Direction

of Load

\

Transtibial
amputee
residuum

(@) (b)

Figure 1. (a) 3D model of the residuum of a transtibial prosthetic user. (b) Socket designed over
the residuum.

2.2. Materials for Socket Design and Manufacturing

PP has been widely used for socket design and conventional manufacturing due to its
desirable properties such as low density, relatively high thermal stability, easy processing,
resistance to corrosion, and ease of availability [27,28]. Three-dimensional printable poly-
mer materials that possess similar characteristics to PP could also be suitable for lower-limb
socket design. Therefore, materials such as PP, PLA+, PA Natural, PA6-GF, CoPA, PA6-CFE,
and PA12-CF that were available in filament form, suitable for FDM 3D printing, were used
in this study. Table 1 shows the filament properties of these materials along with the PP
sheet which is used in conventional socket manufacturing.

Table 1. Material properties used for socket design and manufacturing.

Tensile Young’s

S. No. Material ]()gj?;lg’ Strength  Modulus (US](;(/);:am)
(MPa) (MPa)
1. PP sheet 0.903 29.4 1383 0.00745
2. PP filament [29] 0.911 15.5 541 0.06953
3. PLA+ filament [30] 1.24 31.1 22459 0.02384
4. PA Natural filament [31] 1.115 32.2 2419 0.09216
5. PA6-GF filament [32] 1.2 50.8 2053 0.07272
6. CoPA filament [33] 1.12 31.4 1053 0.05699
7. PA6-CF filament [34] 1.17 81.7 5666 0.08548
8. PA12-CF filament [35] 1.06 734 3054 0.16369
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2.3. Two-Material Hybrid for Socket Design

Table 1 indicates the weaker mechanical properties of various materials proposed for
use in lower-limb socket design; however, under conditions when the socket is exposed to
strenuous activities, it would experience heavier loads and therefore would be vulnerable to
failure. Materials comprising CF and GF possess stronger mechanical properties; however,
their cost of manufacturing for such a large volume size of socket would be very high;
hence, this would be an unviable option.

Under such conditions, the socket design would require alteration, and a combination
of two materials would be required. The material combination approach would be focused
on cost-effectiveness, mechanical strength, and the suitability of joining mechanisms such
as hot tool welding, hot gas welding, hot plate welding, etc. [36].

For the design process, in the hybrid formed by the combination of the two materials,
the socket was segmented into two distinct regions, as distal (minor) and proximal (major),
as shown in Figure 2a. The STL model was converted into a solid model before segmen-
tation. The distal (minor) region comprised the mechanically stronger material (PA6-CF
filament, PA12-CF filament, and PA6-GF filament), while the proximal (major) material
comprised the PLA+ and PP materials.

Proximal

(a) (b)

Figure 2. (a) Distal (minor) and proximal (major) segmentations of prosthetic socket model. (b) Adapter
used as reference for splitting tool.

Segmentation was executed by orienting the socket model upright, maintaining the
open portion at the top. To ensure a smooth transition between the major and minor
materials and reduce stress concentration at the interface, a wave-shaped splitting tool
was suggested. Once the model was correctly oriented with the base of socket (distal end)
contacting the ground plane, a wave was generated at a height of 2 cm from the base to
function as a splitting tool.

Subsequent segmentations were designed by incrementing the height in steps of
5 cm each, equivalent to the volume percentage of the minor material composition in the
complete socket volume. The volume percentage varied between 15 vol% and 50 vol%
and incremental steps for the height were set accordingly. The overall weight of the minor
compositions corresponding to this volume percentage varied between 50 g and 160 g,
as per their densities. The undulating pattern of the splitting tool aligns with the curved
design pattern of the adapter that would be attached at the distal end, as shown in Figure 2b.
Figure 3 shows the variation in the volume distribution of the minor compositions across
the socket.
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Figure 3. Volume distribution of the minor compositions indicated in green color across the socket.

Based on this, a two-material hybrid socket was designed and subjected to FEA studies
to evaluate their maximum load-bearing capacities.

3. Results
3.1. Finite Element Method (FEM)

A 3D model of the socket was designed for both single-material and two-material
properties, as shown in Table 1. A mesh convergence [37] investigation was carried out
as an integral component of the model validation process. The objective was to identify
the optimal mesh size that would strike a balance between computational efficiency and
solution precision. This study was conducted in a systematic manner, involving a sequence
of simulations performed with varying mesh densities.

The optimal mesh size was determined as 0.75 mm via mesh convergence study. Our
analysis focused on key response parameters such as maximum stress and total deformation.
We observed that refining the mesh to 0.75 mm led to significant improvements in result
accuracy. However, further refinement from 0.75 mm to 0.5 mm resulted in differences of
less than 1% in these parameters, while also substantially increasing the computational cost.
Based on these findings, a mesh size of 0.75 mm was selected as the optimal balance between
accuracy and efficiency and was subsequently employed for all simulations involving the
geometry under consideration.

3.2. Boundary Conditions

In practice, the distal extremity of a socket is connected to a pylon, which is a hollow,
cylindrical metal rod through an adapter. The pylon, at its other end, is linked to a prosthetic
foot. Meanwhile, at the proximal end, the prosthesis user places his/her residual limb.
During the acts of standing or ambulation, the patient exerts a load upon the socket, which
is transmitted to the ground via the socket’s distal end, adapter, pylon, and foot. During this
load transfer process, significant joint action is absent at the distal end, which would bear
the major load of a patient’s weight during movement. Therefore, the end which connects
the distal region with an adapter has been considered as a fixed end during simulation [11].

The simulation modeled a transtibial socket under a static load of 1300 N as per ISO
10328 for a healthy person with a safety factor of 1.5 [16], representing the forces exerted
by an individual while ambulating [21]. The socket was affixed at the base, representing
the adapter’s position as shown in Figure 4a. The effective area for loading was contained
within the socket’s surfaces, which would come into contact with the amputated residuum
as shown in Figure 4b. The load’s direction was vertically downward, representing the
body weight in the direction of acceleration due to gravity.
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Figure 4. Boundary conditions for the ANSYS study: (a) fixed end at distal region. (b) Loading end
at proximal region.

3.3. FEA

The 3D model for testing is exported as igs file format for load analysis in ANSYS
2022 R2. The socket design was converted into a mesh, as shown in Figure 5, for the
further processing of FEA simulation under various loading conditions and materials with
a mesh size of 0.75 mm with 1,549,288 nodes and 906,842 tetrahedron-shaped elements. For
the static structural analyses presented, we used Workbench’s default solution approach.
Specifically, we used a direct sparse solver (often implemented as the MUMPS solver in
ANSYS) to efficiently and accurately solve the system of equations for our predominantly
linear static problem. This solver is well suited to handle large-scale problems with complex
boundary conditions and ensures robust convergence [38—40]. Figure 6 shows the results
of the equivalent von Mises stresses and deformations when a representative socket is
subjected to external loading of 1300 N.

(b)

Figure 5. Mesh distribution for the socket model with (a) coarse mesh size and (b) optimized mesh size.



Prosthesis 2025, 7, 30

8of 17

1.6391
0.002801 Min

1.9876 x10°Min

(a) (b)

Figure 6. FEA on socket for (a) equivalent von Mises stresses on single material; (b) equivalent von

Mises stress on two-material combination.

During the FEA process, the two materials are assumed to have a bonded contact [41].
Subsequently, they are fabricated using a two-nozzle 3D printer capable of printing with
distinct materials. The distribution or composition of the distal and proximal region were
optimized for maximizing the load-bearing capacity.

3.3.1. Single-Material Analysis

Commonly used polymer materials that are lower in cost and easily available such as
PP and PLA+ were simulated using FEA. Table 2 shows the results obtained for maximum
von Mises stresses and strains when these materials were subjected to a compressive load
of 1300 N.

Table 2. Von Mises stress and strain results exhibited by various socket materials when subjected to
the external load of 1300 N.

S. No. Material Maximum von Mises Maximum von Tensile Yield Cost
Stress (MPa) Mises Strain Strength (MPa) (USD/gram)
1. PLA+ 19.99 0.0116 31.1 0.02384
2. PP 18.01 0.0167 29.4 0.06953
3. CoPA 18.52 0.023 314 0.05699
4. PA-Natural 18.33 0.060 322 0.09216
5. PA6-GF 19.11 0.012 50.8 0.07272
6. PA12-CF 20.68 0.009 73.4 0.16369
7. PA6-CF 20.35 0.005 81.7 0.08548
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Based on the load and von Mises stress characteristics obtained in Table 2, safety factor
values for these materials are shown in Figure 7.

Safety Factor = Tensile strength/Maximum von Mises Stress (1)

4.5

N

w

<
S

ey

W W

|

]
SN,

)
S

W N

2525

Safety Factor
—
LSO ST SIS IS
ARSI RARIAAI ARSI,

4
bt

QAN

CoPA PA-natural PA6-GF PAI12-CF PA6-CF

Material
Figure 7. Safety factors for various materials when subjected to an external load of 1300 N.

As per the values shown in Figure 7, a standard value of safety factor of 1.5 was fixed for
evaluating the maximum load-bearing capacity while each of these materials used to design
the sockets were single or in combination. As observed from Figure 7, PA6-CF, PA12-CF,
and PA6-GF had significantly higher values of safety factors, thereby strengthening their
usage under extreme loading conditions.

However, their availability, manufacturing, and cost remain persistent challenges, due
to which we have explored a hybrid material socket that comprises a minimal composition
of these high-strength materials combined with major compositions of PP and PLA+. The
maximum load-bearing capacity for PP was found to be 700 N, while for PLA+ it was
1320 N, making them extremely vulnerable to failure for any real-life situations.

The material cost involved in THE 3D printing of a single unit socket ranged between
USD 10 for PLA+ and USD 55 for PA12-CF. Therefore, considering other overheads and
skilled manpower costs would add up to an expensive transtibial socket solution, it becomes
imperative to optimize the material cost to keep the socket cost affordable. Hence, the CF-
and GF-based polymer material composition was proposed to remain minimal and to have
control over the overall socket cost.

3.3.2. Two-Material Analysis

Two-material combinations were designed as PLA+ with PA6-CF, PLA+ with PA6-
GE PLA+ with PA12-CF, PP with PA6-CF, PP with PA6-CF, and PP with PA6-GF, having
variations in PA6-CF, PA6-GF, and PA12-CF from 15 vol% to 50 vol%.

Two-material combination sockets were then designed and subjected to external
loading conditions with the safety factor limit as 1.5, to evaluate their maximum load-
bearing capacities. It was important to find the composition of CF- and GF-based polymer
materials, which would be sufficient to enhance the sufficient load-bearing capacities of
the sockets.
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Figure 8 shows the maximum load-bearing capacities for various two-material hybrid
sockets. The points on the socket that experience high stress concentrations, when found in
the major material sections, led to the failure of the sockets when they became subjected
to lower loading conditions, due to the weaker mechanical properties of major materials
(PLA+ and PP). However, as the vol% or height of the minor material comprising CF- and
GF-based polymer materials became increased, these stress concentration points started
falling within these minor material regions. This led to enhanced load-bearing capacities of
the sockets.

~——PLA-PA12-CF
PP-PA12-CF

——PLA-PAB-GF

——PP-PAB-GF

20 30 40 50 60
vol% of distal region material

Figure 8. Load-bearing capacity variation with vol% composition for various distal (minor) region
materials.

A maximum load-bearing capacity of 3650 N was achieved with the combination
of PLA+ and 31.54 vol% PA6-CF (30.23 weight%, 99.13 g), costing about USD 14 for
the total socket material. Similarly, the combination of PLA+ with 31.54 vol% PA6-GF
(30.76 weight%, 101.67 g) costing about USD 13 for the material, exhibited a maximum
load-bearing capacity of 2528.91 N.

Minor compositions of PA6-GF, PA6-CF, and PA12-CF filaments within PP and PLA+,
weighing between 89 g and 99 g, equivalent to 28 weight% to 37 weight%, could enhance
the overall load-bearing capacities of these socket materials between 2173 N and 3630 N,
which is significantly higher than the single-material PP- and PLA+-based sockets.

4. Discussion

This research proposes a two-material hybrid transtibial socket for enhancing the
load-bearing capacity, which provides a significant design improvement to enable lower-
limb prosthesis users to adopt a socket solution that could assist them to pursue more
types of certain strenuous activities without spending additional costs. Single conventional
material-based socket designs using PP and PLA+ resulted in useful load-bearing capacities
of up to 1320 N, which favors their application for prosthesis users who wish to lead a
sedentary lifestyle and follow primarily standing- and walking-related activities.

For prosthesis users who aspire to lead a healthier lifestyle and follow brisk walking
and running activities, they need to afford sockets fabricated by using CF- and GF-based
polymer materials such as PA6-CF, PA6-GF, and PA12-CF. However, full adult-size sockets
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based out of these materials would weigh nearly 320 g and cost nearly USD 40 to USD 55
(material only), which becomes an unaffordable option for a prosthesis user.

In this paper, we explored the possibilities of designing such socket components using
FEA by involving two materials, out of which the major material would be the cost-effective
polymer that is easily available and easy to handle, while the other in minor quantity would
be the high-strength and expensive component that would act as the critical load-bearing
component to support the strenuous physical activity without compromising on safety
and failure. Three-dimensional printing provides an excellent opportunity for fabricating
such hybrid material-based sockets that would provide the desired accuracy, customiza-
tion, and load-bearing capacity, enabling prosthesis users to lead their desired lifestyle
without inhibitions.

Tensile strengths and Young’s moduli for PA6-GF filaments are 50.8 MPa and 2053 MPa,
for PA6-CF filaments are 81.7 MPa and 5666 MPa, and for PA12-CF filaments are 73.4 MPa
and 3054 MPa, respectively. Due to these higher mechanical properties, primarily due to
the CF and GF component, their presence within a polymer-based socket material could
enhance the overall load-bearing capacity of the socket. Single-material filaments of PP- and
PLA+-based socket components that weighed 300 g and 330 g, respectively, were subjected
to heavy external loading to evaluate their load-bearing capacities, and it was observed
that they could bear a maximum load of 700 N and 1320 N, respectively, which poses
extreme vulnerability for any real-life load-bearing activity. Therefore, combining them
with filaments of CF- and GF-based polymer materials could enhance their mechanical
strength without adding substantial weight. Minor compositions of PA6-GF, PA6-CF, and
PA12-CF filaments of nearly 89 g to 99 g equivalent to 28 weight% to 37 weight% could
enhance the overall load-bearing capacities of these PP and PLA+ socket materials between
160% to 275%.

Socket materials are desired to be light in weight and higher in mechanical strength to
be able to sustain heavy external loading without failures. The presence of minor composi-
tions of CF- and GF-based fibers at critical locations within the socket is a design innovation
that would enhance the usability and application of a transtibial socket for a wide range of
activities that a prosthesis user aspires to follow. With the use of suitable liner materials,
the proximal region having a major composition of PLA+-based polymer materials would
ensure a patient remains comfortable at the skin-contact section. Moreso, these materials
remain stable within the usual environmental conditions, thereby suggesting long-term
durability. Since CF- and GF-based materials located at the distal regions would sustain
the majority of the external loading conditions, the socket material failure rates would
also diminish. This would keep the overall weight minimal and hence enhance the overall
life of the socket. To design such two-material sockets, a convenient procedure has been
proposed, wherein the composition of the minor mechanically stronger material needs
to be added at the distal end of the socket, and the composition can be added further in
incremental steps of 5 cm height towards the proximal end.

Load-bearing capacities as 3630.49 N, 3249.70 N, 3485.28 N, 3040.40 N, 2528.91 N, and
2173.15 N for PLA+ with PA6-CF (30.23 weight%, 99.13 g), PP with PA6-CF (37.09 weight%,
99 g), PLA+ with PA12-CF (28.18 weight% 89.81 g), PP with PA12-CF 34.82 weight%,
89.81 g), PLA+ with PA6-GF (30.76 weight%, 101.67 g), and PP 37.68 weight%, 101.67 g)
were obtained, respectively.

Single-material CF- and GF-based polymer material sockets, despite their high me-
chanical strength, would remain unaffordable due to their high cost of nearly USD 40 to
USD 55 per piece of socket. However, based on the findings of this study, we suggest
incorporating only 30 weight% or 100 g of CF- or GF-based polymer materials to generate a
heavy load-bearing socket design, for a cost of nearly USD 13 to USD 27 per socket, thereby
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proposing a cost-effective socket solution. The incorporation of CF into PA6 and PA12
matrices resulted in significant enhancements to their mechanical attributes, as demon-
strated by the elevated tensile yield strength and diminished deformation. Functioning
as a reinforcing agent, carbon facilitates a more uniform distribution of stress, thereby
augmenting the material’s load-bearing capacity. The introduction of carbon or glass fibers
substantially alters the composition and characteristics of a polymer matrix. Composed
of carbon atoms arranged in a crystalline structure, carbon fibers confer notable improve-
ments in tensile strength, stiffness, and thermal resistance to the composite material. When
integrated into polymers such as PA12 or PA6, carbon fibers establish robust covalent bonds
with the polymer matrix, leading to enhanced mechanical properties, including favorable
strength-to-weight ratios and durability under cyclic loading conditions [42]. Nonetheless,
the reliance on high-performance fibers necessitates advanced manufacturing processes and
expert handling, which could be challenging for large-scale production. Future research
should focus on optimizing fiber content and distribution, exploring alternative low-cost
reinforcing agents, and validating long-term performance under clinical conditions to
further enhance the design’s economic viability and mechanical reliability.

Increasing the proportion of high-strength material beyond this percentage results in
saturation and marginal decline in the load-bearing capacity of the sockets. It is hereby
suggested that due to increased rigidity, the material resists deformation and leads to the
induction of higher stress values of reinforced material, indicating that further increases
may not be useful [34,35]. Based on the load-bearing capacities of each material and their
combinations, a summary of the material with a specific preferred activity has been sug-
gested in Table 3 as below. The table represents the different loading scenarios experienced
by the human body during different activities.

Table 3. Suggested activities for prosthesis users as per socket material.

Activity Type
S. No. Material Minimal Normal Activities of Running/Extreme
Walking/Indoors Daily Living Activities
1. PLA+ Yes No No
2. PA6-CF Yes Yes Yes
3. PA12-CF Yes Yes Yes
4. PA-Natural Yes No No
5. CoPA Yes No No
6. PA6-GF Yes Yes No
7. PLA+-PA6-CF Yes Yes Yes
8. PP-PA6-CF Yes Yes Yes
9. PLA+-PA12-CF Yes Yes Yes
10. PP-PA12-CF Yes Yes Yes
11. PLA+-PA6-GF Yes Yes No
12. PP-PA6-GF Yes Yes No

While FDM-based 3D printing presents inherent limitations in inter-layer adhesion,
which can reduce overall material strength, technological advancements are continually
improving the reliability of multi-material prints. The effective strength of hybrid two-
material combinations at the interface is a critical factor in ensuring structural integrity.
To enhance adhesion and mechanical performance, post-processing techniques such as
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plastic welding can be employed. Studies on plastic joining methods—including ultrasonic
welding, hot-gas welding, and hot-plate welding—demonstrate their effectiveness in
reinforcing interfacial bonds in 3D-printed components [36,43-45]. The further optimization
of these post-processing techniques, along with advancements in multi-material printing
parameters, is essential for improving scalability and ensuring consistent quality in hybrid
socket production [46,47].

Traditional polymer material-based sockets, manufactured using plaster molds and
milling, are affordable and easy to produce. However, their conventional fabrication process
is time consuming and environment (moisture) dependent; due to this, a patient has to
undergo longer wait times. Also, repeated measurements and iterations due to manual
interventions remain drawbacks of these methods. However, the AM-based methods pro-
vide an excellent alternative for ease in designing and manufacturing and shorter patient
wait times with minimal iterations. As these AM-based methods are yet to be validated for
long-term scalable use, their durability remains a concern. Capital expenditure for setting
up scanning, designing, and 3D printing machines also remains a challenge, along with
the availability and affordability of highly skilled human resources for the running and
maintenance of this scientific equipment. Overall, in due course of time, as technologies
advance, these AM-based processes would become stabilized and provide a superior alter-
native to the conventional socket manufacturing solutions in terms of accuracy, reliability,
and affordability.

The novel design innovation suggested in this study for achieving these interesting
results is also convenient to adopt and apply across any FEM/FEA modeling. By following
the simplest design procedures, these combined material sockets were designed for FEA by
adding the high-strength material from the distal base end, moving upwards towards the
proximal end of the socket. Majorly, at a height of nearly 10 cm from the distal end, 35%
of total height, a maximum load-bearing capacity between 2173 N and 3650 N could be
obtained by composing only 31 vol% of PA6-CF, PA12-CFE, and PA6-GF materials in PLA+-
or PP-based sockets. In this way, every increment would increase the composition weight
of the minor material, and an optimal value would be expected at nearly 30 weight% or
100 g in this study.

5. Conclusions

A lower-limb amputation inhibits a patient’s life adversely, which can also isolate them
from society. Lower-limb sockets have been revolutionizing the lives of such prosthesis
users significantly over the past several years, and with the advent of digital technologies,
novel innovations are making significant disruptions in this area.

This study highlights the versatility of hybrid material configurations in addressing
diverse user requirements. By leveraging the benefits of AM, this approach offers scalable,
customizable, and cost-effective solutions for prosthetic socket design. These materials
demonstrated exceptional tensile strength and resistance to deformation, ensuring the struc-
tural integrity of transtibial sockets under high-stress conditions. The judicious selection of
materials profoundly influences the functional efficacy, comfort, and safety of prosthetic
sockets, underscoring the necessity for meticulous consideration during the design process.
Conversely, materials such as PLA+ exhibited limitations in their mechanical properties,
potentially compromising the performance of prosthetic sockets under extreme loading
conditions. This variation in performance across different materials emphasizes the crucial
role of informed material selection in enhancing the design and functionality of the sockets.

Utilizing advanced simulation techniques through FEA, we conducted a compre-
hensive analysis of the load-bearing capacities of transtibial sockets made up of various
polymers and two hybrid materials. Findings indicate that combining CF- and GF-based
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polymer materials, such as PA6-CF, PA6-GF, and PA12-CF, with PP and PLA+ exhibited
superior mechanical characteristics that led to enhanced load-bearing capacities between
160% and 250%, within a material cost between USD 13 and USD 27 per socket, and an over-
all weight composition between 28% and 37%, making them highly suitable for applications
that demand elevated strength and minimal distortion. The suggested explanation for this
significant enhancement has been the presence of critical stress concentration points within
the CF region and the high strength and rigidity of CF. The presence of these materials
within the distal region of a transtibial socket, would relieve the stress concentration sites
and prevent failure of the socket. This region needs to support the fitment of the adapter
and pylon through holes and attachments, which are performed through various assembly
manufacturing procedures, thereby compromising the overall socket material strength
within this region. Therefore, the presence of high-strength CF and GF materials through
an optimal design enables reduced stress distribution across the socket material, hence
enhancing the durability of the socket and the safety of a prosthesis user.

The successful and scalable manufacturing of two-material combination sockets would
require high-quality industrial 3D printers capable of precise multi-material printing at
faster speeds that would be expensive to setup and maintain. A two-material combination
would require a critical transition level within the socket with precision to avoid overlap-
ping. Additionally, skilled manpower is essential to optimize print settings, ensure material
compatibility, and conduct necessary post-processing for enhanced durability. Facility
setup and infrastructure investments also play a crucial role, as controlled environments
are needed to maintain consistent print quality. A digital manufacturing setup focused on
3D scanning, designing, and printing technologies has the potential to revolutionize the
prosthetic and orthotics industry. Considering the setup of such a facility as a one-time
investment for developing lower-limb sockets, other devices such as splints, exoskeletons,
braces, etc., could also be supported. This would also help in creating digital repository
models and case studies for future referencing by other scientific communities. Remote
assistance and advisory in complex cases would also be feasible by setting up such a facility.

In conclusion, this investigation makes a significant contribution to the ongoing efforts
to improve transtibial prosthetic sockets for advancing the quality of life for individuals
who rely on these technologies. This opens up a new potential to explore alternate material
combinations to improve the strength of transtibial sockets. Prosthesis users who aspire
to lead an active life with a focus on their overall health need to follow a certain lifestyle.
Regular routines of walking, running, jogging, and other strenuous activities would benefit
them significantly with the hybrid two-material socket designs, primarily due to their cost-
effectiveness and high load-bearing capacity. To scale up the production and affordability of
these sockets, alternate high-strength nano-scale materials requiring even smaller composi-
tions within these sockets could be explored. To propose a comprehensive transtibial socket
solution, a focus on the long term under cyclic loading with gait analysis coupled with
static loading and trauma studies need to be conducted in combinations. The validation of
these results would also require trials on the response from prosthesis users, which could
be planned for future studies. Such studies would instill confidence amongst prosthesis
users to adopt AM-based transtibial socket solutions, as the users would have flexibility in
application for switching over to multiple activities without any inhibition.
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AM Additive Manufacturing
pp Polypropylene

PLA+ Polylactic-acid-plus

PA Polyamide

PA6-GF  Polyamide-6-Glass-Fiber
CoPA Polyamide-copolymer
PA6-CF  Polyamide-6-Carbon-Fiber
PA12-CF  Polyamide-12-Carbon-Fiber
FEA Finite Element Analysis
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