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Abstract
Background: The manufacture of load-bearing prosthetic lower limb sockets is traditionally reliant on skilled technicians
working with qualified clinicians to create bespoke solutions. While this approach is effective and, in some situations,
necessary, the appeal of a sustainable, efficient, and digitalized production solution cannot be ignored. The focus of additive
manufacturing (AM) is typically on low-weight-bearing prostheses, which can be misleading for clinics attempting to adopt
AM solutions for clientele with weight-bearing or activity-level needs.
Objective: This review aims to offer readers a way to approach AM for load-bearing requirements as opposed to non–
load-bearing counterparts. The use cases of AM for the production of load-bearing transtibial prosthetic sockets and compo-
nents are reviewed to highlight current trends, protocols, and standings.
Methods: By reviewing publications from the past 25 years, this state-of-the-art review highlights the key requirements and
technologies relevant for load-bearing transtibial prosthetic sockets specifically.
Results: The most commonly used AM solutions for commercial use, such as selective laser sintering and binder jetting
through Multi Jet Fusion, are outlined. As these solutions are most often paired with the structural testing standard Interna-
tional Organization for Standardization 10328, their relevance for evaluating the strength and durability of lower limb sockets
is also discussed. Clinician and technician experiences of digitalized ways of working within the prosthetic industry for
load-bearing applications are outlined.
Conclusions: Observations of adoption barriers of AM solutions are brought to light, focusing on clinician and technician
education, skill set, exposure to innovative technologies, and trust in the regulation of digital processes in a clinical and
technical environment.
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Introduction
Background
A prosthesis, or prosthetic device, acts as a replacement for a
lost or missing limb or body part, with functionality as a key
added value [1]. The function of a prosthesis can range from
basic motion to combined rotation and hinging. The device
may contain technological parts, which can rotate, stabilize,
and compress. These parts can be manipulated through the
interpretation of electronic pulses in the body recorded from
microprocessors [2,3]. With many components making up
the assembly of a prosthesis, there must be a connection

point between the existing limb and the artificial device to
provide functionality. In the case of a lower limb prosthesis,
this connection can be made through the implementation of
an osseointegrated implant or using an external component
known as a socket [4]. Depending on the degree of limb loss,
the attachment of a prosthesis can be made above the knee
(transfemoral) or below the knee (transtibial). The focus of
this review is relevant to the implementation of transtibial
external prosthetic sockets specifically. Figure 1 provides
a visual comparison of an external transtibial prosthesis
using a socket component and an implanted osseointegrated
transtibial prosthesis.

Figure 1. Transtibial prosthetic devices, observing an external approach using a socket component (left) and an internal osseointegrated approach
(right).

When manufacturing transtibial sockets, a traditional,
skill-based workflow has determined shape, weight, function,
and fit for the end user [5]. The procedure involves a
hands-on approach, convenient for control and accuracy for
the clinician and technician. However, this approach has been
proven to be costly, wasteful, and time-consuming for both
material and clinical time usage [6]. For these reasons, the
manufacturing workflows have been evolving with digitaliza-
tion and technological advances [7].

The exploration of additive manufacturing (AM) processes
is currently showing success for non–load-bearing prosthetic
devices. There are a variety of solutions available for the AM
of upper limb prostheses, each using a variety of materi-
als [8]. With the demand present in low-income countries,
there have been volunteer assistive device designers actively
contributing to the AM of prosthetic devices in the past few
years [9].

For load-bearing devices, however, validating the efficacy
of 3D-printed devices remains a challenge, compounded by
the customized nature of each prosthesis. A variety of AM
processes have been used to create load-bearing transtibial
prosthetic sockets, with some methods bearing more strength
and durability than others [10,11]. In Kim et al’s [12] review
of 1023 studies on this topic, the considerable amount of

heterogeneity between studies (in terms of materials and
alignment used) meant that the absolute values for failure
could not be established for AM. As such, these values also
could not be compared to traditionally made devices. Kim
et al [12] highlight that the reviewed studies provide limited
evidence for AM used in a clinical setting, and those that do
so have only evaluated the durability of these prostheses for a
period of 2-6 weeks [12].

As digitalization becomes more prevalent, positive effects,
such as time efficiency, improved patient care, and sustaina-
bility have been noted [13]. Positive convergence between
prosthetics and orthotics (P&O) and a variety of industries
can develop and progress new and innovative technological
solutions. This has the potential to evolve our society from
a global cultural perspective and improve the quality of life
for the end user [14]. However, with traditional methodolo-
gies still being at the forefront of education and day-to-day
workflows, it is difficult for clinicians and technicians to
value the benefits of 3D printing in their roles [15].
Traditional Manufacturing of Transtibial
Prosthetic Sockets
There are a variety of transtibial socket types varying for
each patient, dependent on their weight class, bone structure
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or definition, and limb condition (scarring, skin vulnerable
to breakdown, etc) [5]. Many transtibial sockets created are
patellar tendon bearing. There are a variety of suspension and
load-bearing conditions branching from this socket type to
give the most comfortable and functional solutions for each
patient.

In traditional manufacturing of clinical prostheses, it is
the duty of a qualified clinician to carry out socket rectifica-
tion (manipulation of the socket form to optimize distributed
loading onto the limb) [16,17]. Traditionally, this rectification
process is performed by hand on a plaster replica of the

patient’s residual limb by the clinician. When being worn, the
socket is considered a total-contact device. However, loading
should be avoided in areas, such as the fibula head, cut or
distal ends of the tibia and fibula, and the anterior border
of the tibia (shin) [18]. The rectification process involves
shaping the socket form to alleviate pressure and load-bear-
ing from these sites. The rectification process subsequently
applies load-bearing areas to other appropriate and learned
landmarks [5]. Figure 2 illustrates the basic landmarks and
areas of a socket that may be altered during the rectification
of a transtibial socket.

Figure 2. Relevant landmarks for transtibial socket rectification, where green areas are typically areas of pressure alleviation. Fib: fibula.

The material choice for traditionally made sockets for lower
limb prostheses has evolved through the ages. Transi-
tions from wooden and metal componentry to lightweight
thermoplastics and reinforced composite polymers have
occurred for sockets [19]. The use of carbon fiber as
an incorporated material for sockets has enhanced device
strength while maintaining its lightweight property. Each
traditionally made socket can consist of varied materials, such
as standard polyester and acrylic resin, laminates, and more
complex composites with fabric inclusions [7].

With an understanding of the load-bearing characteristics
of a transtibial prosthetic sockets in place, the following
information aims to guide the reader into the process of
digital processing and AM. The upcoming sections focus on
relevant load-bearing testing, materials, and manufacturing
requirements of load-bearing sockets that are applicable to
traditionally made and AM sockets alike.
Clinical Applicability of AM for Prosthetic
Sockets
AM is the process of creating 3D physical objects using
machinery hardware and computer-aided design data from
modeling software [20]. Also referred to by its original title
“3D printing” in many instances, all these processes use a
layer-by-layer method of fabrication in order to construct a
physical 3D form [20].

Although AM technologies have been used effectively in
cosmetics and small orthotic devices, industry adaptation for

load-bearing componentry has been slow to occur. This raises
questions as to why AM is not being used in more P&O
clinics worldwide. Within P&O, there is not only an added
opportunity to personalize the original devices when using
AM but also to decrease material wastage, clinical, and labor
time. AM can also improve data collection and production
rates [21]. Slow industry adaptation can be seen with new
technologies in the P&O industry due to trust and establish-
ment requirements, ethical concerns, and educational barriers
to the usage of such devices or workflows [22]. An exam-
ple of slow adaptation in this industry can be seen through
the introduction of microprocessor knees, which, although
developed in the 1980s, were not commercially viable until
1999 [23].

Nevertheless, the solution of AM has been recorded as
viable and advantageous for the production of transtibial
load-bearing sockets, showing considerable benefits when
combined with a digitalized workflow in industry.

To create a transtibial socket using AM, the process
typically entails a new digitalized process of manufacturing.
In this process, digital technologies such as 3D scanning and
online or computerized rectification and fabrication systems
take over the physical plaster mold form capture [24].

Figure 3 provides an overview of the typical steps
involved in the digitalized process.
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Figure 3. A typical digitalized process for 3D printing prosthetic sockets.

The need for physical storage space is significantly reduced
as plaster casts become digitalized files. These files can
be stored in secure computer storage systems, accessible
to recognized employees of the company for 3D printing.
However, without appropriate regulation, online data storage
inevitably brings data protection issues and potential risks of
personal data sharing to light [25].

A prosthetic team of clinicians, technicians, and admin-
istrative staff typically works together to decide on the
appropriate AM solution and polymeric material, be it
composite or noncomposite materials used. This typical
production team is established for devices produced in-house
or through external AM facilities. The implementation of this
way of working has been found to be successful in improv-
ing business processes for prosthetic service providers and
manufacturers [26-28].

In summary, with plaster limb casting translating to 3D
scanning, companies have the opportunity to reduce the
requirement of physical material and storage space for limb
form capture. Digital rectification, used in place of traditional

rectification, again offers the possibility to eliminate the
use of plaster, as well as reduce the requirements of tech-
nician resources. Resin casting and thermoform fabrication,
translating to AM technologies, lead to significantly fewer
environmental and health hazards in the workplace if printed
out-of-house. All of these innovative technologies have
positive effects on the prosthetic manufacturing process,
compared to their traditional counterparts [27].
Regulatory Challenges of Lower Limb
Prostheses
In the realms of regulation, a lower limb prosthesis is
identified as a custom-made device and does not require
a Conformité Européenne (CE) marking as an assembly.
As with all medical devices, the regulations and protocols
surrounding the design, manufacture, and rollout of prosthetic
devices are strictly adherent to various key regulations. Table
1 is a summary of the key regulations for load-bearing
prosthetic lower limb sockets [29-33].

Table 1. Regulations and standards relevant to load-bearing lower limb prosthetic sockets.
Standard/Regulation Relevance Requirements (nonexhaustive)
European Union Medical Device
Regulations (EU MDR)
2017/745.

• Identifies prosthetic devices as
custom-made devices.

• Outlines the rules and
requirements of manufacturers
and the device itself.

• Manufacturer’s statement.
• General safety and performance requirements (GSPR) adherence.
• Postmarket surveillance system.
• Implementation of appropriate quality management and risk assessment

systems.
International Organization for
Standardization (ISO)
13485:2016 - Medical devices -
Quality management systems -
Requirements for regulatory
purposes.

• Outlines a quality management
system for the manufacturing and
distribution of prosthetic devices.

• Documentation of design, development, production, installation, and
servicing of devices.

• Risk management, compliance, and documentation for devices.
• Traceability and documentation of materials, processes, and testing of

devices.
ISO 22523:2006 - External limb
prostheses and external orthoses
(requirements and test methods).

• Outlines testing requirements
for external prosthetic devices,
referencing strength, and material
considerations.

• Definition of terminology, performance, and safety requirements for
devices.

• Biocompatibility of materials for devices.
• Labeling and device information requirements. Minimum structural and

functional safety requirements of devices.
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Standard/Regulation Relevance Requirements (nonexhaustive)
ISO 10328: Structural testing of
lower limb prostheses. • Outlines the mechanical testing

requirements of assembled
prosthetic devices for CEa

marking and evaluation.

• Unique test rig aligned to toe-off and heel strike phases of gait.
• Specified loading according to patient weight and activity level.
• Number of tests and cycles required for proof, ultimate and fatigue, and

torsion testing.
• Alignment requirements for various assemblies and component

inclusions.
aCE: Conformité Européenne.

It is the duty of the prosthetist or physician to determine the
activity level (also known as “K level”) of a patient. This is
determined in the consultation and assessment periods prior
to allocating the patient a prosthesis [34]. A patient’s activity
level can change over time through rehabilitation if deemed
suitable by the prosthetist, during recurrent monitoring of the
patient’s rehabilitation process [35]. Table 2 shows each K
level with a descriptor of the ability of each patient [35].

The level of loading applied to a lower limb prosthesis
is determined by the variety and quantity of CE-marked
components used, as well as the level of design complex-
ity (for CE-marked components only). ISO (International
Organization for Standardization) 10328 determines the
weight limit of the prosthesis wearer for the device being
tested [36]. This weight limit is calculated through the
testing of mechanical load capacities to ensure the safety
and durability of all devices with varying patient activity

levels [36]. Transtibial prosthesis assembly will have different
loading requirements than that of a transfemoral device with
knee joint componentry, although the alignment require-
ments for testing remain consistent for both. By maintaining
consistent limitations and alignment, device componentry can
be accurately compared for its changes in material and form.
It is not stated how the individual socket and residual limb
alignments may affect the consistency of testing results.

The load capacities of a lower limb prosthesis are
addressed as “P Levels” within the standard ISO 10328.
Ranging from P3 to P8, each level determines a separate
weight limit dependent on the loading that each prosthesis
can withstand. The standard also notes how factors such as
lifestyle and body mass must be taken into account when
determining which P level is reflective of the prosthesis use
case. Table 3 offers the reader a breakdown of weight limits
for each P level [36].

Table 2. K levels indicating the rehabilitation potential of amputees.
K Level Descriptions
Level 0 • Does not have the ability or potential to ambulate or transfer safely with or without assistance, and a prosthesis does not

enhance their quality of life or mobility
Level 1 • Has the ability or potential to use a prosthesis for transfers or ambulation on level surfaces at a fixed cadence.

• Typical of the limited and unlimited household ambulator.
Level 2 • Has the ability or potential for ambulation with the ability to traverse low-level environmental barriers, such as curbs,

stairs, or uneven surfaces.
• Typical of the limited community ambulator.

Level 3 • Has the ability or potential for ambulation with variable cadence.
• Typical of the community ambulator who has the ability to traverse most environmental barriers and may have vocational,

therapeutic, or exercise activity that demands prosthetic usage beyond simple locomotion.
Level 4 • Has the ability or potential for prosthetic ambulation that exceeds basic ambulation skills, exhibiting high impact, stress,

or energy levels.
• Typical of the prosthetic demands of the child, active adult, or athlete.

Table 3. Outlined loading levels with weight limits according to the ISO (International Organization for Standardization) standard 10328: Structural
testing of lower limb prostheses.
Loading level Weight limit (up to, kg)
P3 60
P4 80
P5 100
P6 125
P7 150
P8 175
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Mechanical Performance Requirements
of Load-Bearing Lower Limb Prostheses
The scope of ISO 10328 states that the standard is “suitable
for the assessment of the conformity of lower limb prosthetic
devices or structures, with the strength requirements specified
in 4.4 of ISO 22523:2006” [36].

The alignment of loading in this standard can be set up
in 2 separate test conditions (conditions 1 and 2). These
alignments represent the heel strike and toe-off gait phases
of walking, respectively. The alignments remain constant for

all variations of loading levels. Early studies show Current et
al [37] adhering to the testing procedures of ISO 10328 for
transtibial prosthetic sockets in the 90s.

Alignment offsets to determine the condition’s loading line
are marked at the heights of specific anatomical landmarks,
such as the ankle and knee center. These alignment require-
ments, however, do not account for the complex alignment
requirements of each individual patient limb and socket. A
visual of the alignment requirements for a custom test rig for
condition 2 of ISO 10328 can be seen in Figure 4.

Figure 4. An example of a testing configuration for condition 2 of the test standard ISO (International Organization for Standardization) 10328:
structural testing of lower limb prostheses (digital simulation render).

A breakdown of ISO 10328’s structural tests includes the
following [36]:

1. Proof test: The ability for a device to withstand a load
capacity relevant to its determined loading level and
device complexity, with no deformation above 5 mm
for a total predetermined device length.

2. Ultimate strength test: The device is tested once until
failure or until it has reached the maximum load
capacity as determined by the standard.

3. Fatigue test: The device is tested cyclically using an
outlined pulsating test force for a prescribed number
of cycles, determined by the loading level and device
complexity used.

The standard also outlines requirements for torsional testing,
which is a common cause of lower limb prosthesis failure as
investigated by Heitzmann et al [38] and Quinlan et al [39]
in separate studies. Another common point of failure due to
loading is observed at the socket’s distal end. Failure here
is typically due to the concentration of forces at connection
points made between the custom-made socket and CE-marked
componentry of adapters (leading to the pylon and foot of
the device [40]. Throughout ISO 10328, there is no consid-
eration for the prosthetic socket component wall thickness,
alignment, or structural design complexity, regardless of their
impact on mechanical and structural efficacy.

Other test requirements outlined in ISO 22523 include the
following for lower limb prostheses [32]: (1) flammability,
toxicity, and biocompatibility of materials; (2) infection and
microbiological contamination; (3) corrosion and degrada-
tion resistance; and (4) protocol on design and mechanical
requirements of the device.

ISO 22523 also states that safety factors corresponding to
the particular use of a lower limb prosthesis are determined
“by the ratio between the test loading conditions and/or test
loading levels applied to the device and the corresponding
loads expected to be exerted on the device during use” [32].

Device failure has a direct and immediate result on the
quality of the life of the wearer, be it structural or chem-
ical. If a device fails, it takes time and clinical capacity
to replace the device, meaning a patient may not have an
immediate solution. By performing these tests and forecasting
the applications of new technologies in the industry, devices
are provided to wearers in the most efficient and safe manner,
with security and sustainability in mind.

While there are challenges surrounding the efficacy of test
standards for transtibial sockets, the socket itself has evolved
and continues to increase in strength, material, and form with
technological advancements. The aim of this review is to
highlight advances and advantages of innovative technology
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adaptations to the field by understanding both traditional
and digitalized methods. The focus of the review is specifi-
cally for the manufacture of load-bearing transtibial pros-
thetic sockets. This review pertains to an equal focus on
clinical applicability, regulatory challenges, and mechanical
performance of these sockets.

Methods
This state-of-the-art review was conducted by using
appropriate keywords across a multitude of reputable and
peer-reviewed databases to identify relevant publications
made over the last 25 years. In accordance with the Intro-
duction section of this review, the focus of these keywords
was equally divided between the topics of clinical applicabil-
ity, regulatory challenges, and mechanical performance of
load-bearing lower limb sockets. The key subheadings that
were identified for the purposes of the communication of
results were as follows:

1. Current relevant materials.
2. Current AM technologies for load-bearing socket

production.
3. Current structural design and testing approaches for

load-bearing sockets.
4. Clinician and technician experience in the 3D printing

of load-bearing prosthetic sockets.
A collection of publications was compiled and separa-
ted according to their relevance to each of the aforemen-
tioned subheadings of the “Results” section. Knowledge and
literature gaps were identified and stated in the “Discussion”
section of this review upon analysis, with recommendations
for future studies and consideration also offered.

Technical information and prices were referenced for
specific AM solutions from relevant companies engaged in
the AM of prosthetic load-bearing sockets from the years
2022 and 2023. This was carried out to provide further
context to the current state of technology in an economic
environment. These insights were compiled according to
their technological solution and compared for their strengths,
weaknesses, and clinical relevance for load-bearing prosthe-
ses.

Results
Current Relevant Materials for Load-
Bearing Socket Production
Comparable material properties of traditionally laminated
sockets are difficult to produce due to the nature of the

socket itself. The customized design approach for each
individual patient, combined with the nonstandardized use of
specific ratios and material combinations, results in the lack
of identifiable durability readings for a prosthesis. Activity
levels and weight limits further complicate matters. For
example, a socket without carbon fiber may support one
person; however, if activity level increases, this socket may
be considered redundant. As activity levels increase, there
may be further requirements, such as material additions,
overall mass, and thickness of the socket itself.

Current AM material solutions most commonly explored
for load-bearing sockets consist of polypropylene, polylac-
tic acid (PLA), polyamide 12, and carbon fiber reinforced
composites [12,41]. The method of AM used to manufac-
ture devices from these materials also has an impact on the
structural and chemical integrity of the final device. As AM
typically relies on the adhesion of layers of material to build
a 3D form, there is an added risk of delamination dependent
on preloaded process parameters. Print orientation will also
add risk of delamination dependent on the loading applied
to the printed socket. The problem of delamination is most
commonly seen to arise when using fused filament fabrica-
tion (FFF) solutions, which are defined and discussed in the
following section [42]. Other solutions, such as selective laser
sintering (SLS) and Multi Jet Fusion (MJF), result in more
efficient layer adhesion compared to FFF (also discussed in
the following section) [43].
Current AM Technologies for Load-
Bearing Socket Production

Overview
For the AM of prosthetic sockets, research has concentra-
ted on polymer-based approaches due to cost, weight, and
similarity of resins or postprocessing to existing applications.
The following four forms of AM will be the focus of this
review: (1) FFF, (2) stereolithography, (3) powder bed fusion,
and (4) binder jetting.

Table 4 highlights the comparative insights of each,
with the following relevant to further details and technical
processes of each.
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Table 4. Comparative insights of fused filament fabrication, stereolithography, powder bed fusion (selective laser sintering), and binder jetting (Multi
Jet Fusion) for prosthetic lower limb socket production.
Solution Strengths Weaknesses Clinical relevance
FFFa Highly accessible, cheaper option. Inferior mechanical properties for

more accessible material options.
Entry point to 3D printing, highly relevant
for prototyping and concept ideation.

SLAb High-resolution prints offer more detail in
prints.

Postprocessing requirements are
essential for biocompatibility and
mechanical properties.

Most accurate printing solution but higher
risk of technical and patient contact with
harmful substances.

SLSc Strong parts are more suitable for load-
bearing applications.

Expensive, large machinery, and
time-consuming.

More accessible option for load-bearing
3D printing than MJFd.

MJF Higher isotropic properties than SLS. Limited material and color choices for
finished print.

Reliable for load-bearing applications.

aFFF: fused filament fabrication.
bSLA: stereolithography.
cSLS: selective laser sintering.
dMJF: Multi Jet Fusion.

Fused Filament Fabrication
FFF is the most common method of commercial 3D printing
and is one of the cheapest methods of AM. This process
involves the melting of material extruded through a heated
nozzle and layering these extrusions to form a 3D shape [44].

FFF printing has been used to create load-bearing
transtibial sockets using materials, such as polypropylene,
PLA, and carbon fiber–reinforced PLA [12]. This technol-
ogy also has the ability to create accessory components to
load-bearing prostheses, such as socket liners from thermo-
plastic polyurethane material [45].

Where FFF-printed sockets have been tested to com-
pare with traditionally made load-bearing sockets, results
concluded that an FFF-printed socket was at higher failure
risk than traditionally made sockets at higher loading weights
and activity levels [12]. The process involved with FFF
production also leaves vulnerabilities in layer line adhesion
and resolution in comparison to other processes. FFF layers
can appear as visible weld lines, prone to delamination
dependent on the stresses that are applied to the print [46].
As a high percentage of prosthesis wearers are those who
experience symptoms of diabetes and are prone to infection,
it is best practice to minimize bacteria growth on a pros-
thesis. Performing postprocessing can decrease the potential
buildup of bacteria that may accumulate between the crevices
of layer lines [47]. As a result, postprocessing practices are
often implemented to obtain a more homogeneous surface on
FFF-manufactured sockets.

Stereolithography
Kim et al [48] showed that stereolithography printers use
lasers to cure resin one layer at a time to create a 3D structure,
making it one of the most accurate printers on the market

for socket production. If produced correctly, a stereolithogra-
phy-manufactured device can display promising mechanical
properties for load-bearing socket purposes that can often
supersede FFF applications. However, the manufacturing and
postprocessing procedure can result in a more brittle final
component if not produced correctly [49]. Although there
are biocompatible material solutions available for prosthetic
socket production, improper stereolithography curing and
postprocessing can still result in harmful material contact
with human skin. This hazard has the potential to impact not
only the operator of the technology but also the wearer of
the prosthesis. As such, biocompatibility concerns are often
brought to the forefront for stereolithography production [50].
Stereolithography printing is recognized in this paper as
a commonly known and accessible AM process; however,
the literature surrounding its use to produce load-bearing
lower limb sockets is limited when compared to FFF, SLS,
and MJF solutions in research. Improper postprocessing and
curing also have a greater effect on device properties for
stereolithography than that of other AM solutions. However,
it is important to note that disparity or misalignment with
processing requirements in any AM or traditional process can
have a detrimental effect on the efficacy of the manufactured
device without isolating the stereolithography solution.

Powder Bed Fusion
Powder bed fusion by laying and curing thin layers of powder
material to create a 3D form. One method of using this
powder approach lies in SLS, where Budinski et al [46]
describe how a UV beam cures each layer in a predeter-
mined path to create the 3D form (refer to Figure 5A) [51].
Postprocessing requirements for SLS involve cleaning the
print from excess powder, tumbling the print for a smooth
finish, and possibly applying finishing dyes or coatings.
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Figure 5. Breakdown of selective laser sintering: (A) Multi Jet Fusion and (B) polymer printing solutions.

The strength of SLS-printed parts exceeds those of FFF
and stereolithography alternatives, making it an AM solution
worthy of definitive use for a variety of applications [52].
These applications can be seen throughout the medical,
automotive, and aerospace industries [53]. With the ability
to recycle unused powder and the freedom of printing without
supports accessed through this solution, SLS printing is an
attractive solution when mechanical strength and sustainabil-
ity are necessary for their application [54]. The disadvan-
tages with SLS printing, however, come from the limitations
of material choice, costs, and postprocessing [52,55]. Both
material and color choices are limited, yet are currently being
explored through composites that need extra attention in their
application [56]. Postprocessing of parts can result in hours of
work due to parts cooling and manual cleaning requirements
[57].

SLS-printed sockets have been deemed to be an identifia-
ble solution for the manufacture of patellar-bearing socket
solutions for transtibial amputees due to their high strength
[58]. Sockets for load-bearing solutions have been created
and are commercially viable. However, initial research into
the device design shows that there is work to be done on
the distal end of the socket [59]. Time frame and condi-
tions required for SLS printing may also be a challenge for
P&O companies, as there are long and regulated cooldown
requirements before the part can be postprocessed to avoid
issues such as part warpage.

Multi Jet Fusion
Guo et al [52] outline binder jetting as similar to powder
bed fusion; however, the final curing process involves the
addition of a liquid binding agent to fuse each layer together
[60]. Figure 5 (B) visually outlines the differences between
the 2 solutions for further context, with MJF representing
binder jetting technology through.

MJF’s nylon materials are almost identical to those of SLS
nylon, with the advantage of being up to 25% more ductile in
the Z axis of prints [60]. MJF printing solutions are currently
being used for load-bearing prostheses and have been tested
to show similar strength to that of traditionally made sockets
[10]. The testing used to show this, however, is varied across
the literature. In the case of Ráž et al [10], the sockets tested
were laid horizontally, and an axial force was applied to an
exterior wall. This is not reflective of everyday use, where a
socket would be in an approximate vertical position as a user
is walking, running, or jumping.
Current Structural Design and Testing
Approaches for Load-Bearing Sockets
There have been several studies over the past few decades on
AM of prosthetic sockets. However, fewer are available that
report the success of load-bearing prostheses. Many initial
studies focus on the software design optimization to improve
the finished socket component by increasing wall thicknesses
and adding reinforcements to the 3D-printed socket exterior
[28,61,62]. Others, such as Hsu et al [63] would later go
on to improve the strength of printed sockets by using resin
coatings [52,63].

Kim et al [12] could conclude from data collected in their
systematic review that “failure mainly occurred at the distal
end of the socket or the pyramid attachment […] whether
a laminated composite socket or a 3D printed socket”.
This is consistent with the ISO 10328 testing protocol.
Although design modifications can improve socket strength
in digitalized workflows, there are no clear limitations on
maximum socket density, wall thickness, or viable mounting
or assembly components and solutions for the socket.

When reviewing a variety of prosthetic socket testing
papers and abstracts, it is apparent that the most logical
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approach to structural testing is to use the standard ISO
10328. However, there is a disparity in test setup approaches
across the literature. This is apparent in the componentry
used not only in the assembly of the prosthesis, but also
in the attachment of the prosthesis to the test machine.
The American Prosthetic and Orthotic Association recently
published findings of key areas that are in need of atten-
tion when considering the creation of a standardized testing
solution for prosthetic sockets [62]. The findings of this paper
outline the need to represent patients who lie outside the
“norm” for prosthetic socket shape and loading. They also
highlight the need to determine appropriate loading condi-
tions that will suitably reflect all socket types. Taking these
findings into consideration, it would be suggested that more
than one test setup would be required in order to capture
a broader range of patient alignment, physical form, and
loading parameters.

Assuming the requirements in ISO standards 10,328 and
22,523 are met during testing, the structural and physical
makeup of a 3D-printed load-bearing transtibial prosthetic
socket is valid and acceptable for use. However, including
a socket in testing according to ISO 10328 presents complica-
tions in designing a test rig that ensures consistent align-
ment. Many studies have tested transtibial sockets with this
standard, although each test rig used is custom-made and
varies between studies [10-12,37,39-42,48]. As per the nature
of socket loading in a real scenario, forces applied to the
internal socket surface are transferred through the soft tissue
of the residual limb. It is difficult to translate these loading
conditions into a repeatable test rig. As such, rigid or foam
structures are typically used in custom test rigs as a replace-
ment for the residual limb during testing. This draws even
more disparity between not only each study completed but
also between testing and real-life scenarios [11,40]. Concerns
are raised for the reliability of comparing or correlating
results through systematic review, as each custom test rig uses
different attachment components and applies different forces
to the internal socket [39,48].

Numerous papers suggest the replacement of the pros-
thetic foot with custom-made fixtures made of metals from
aluminum to steel, as a prosthetic foot alters the moments
acting on the specimen. In the ISO standard 10328, the load
line (or alignment offsets) for condition 1 (heel strike) passes
through the distal end of the socket, whereas the load line
for condition 2 (toe-off) passes anterior to the socket distal
end. Condition 2 generates larger moments at the distal end
of the sockets, representing the worst-case scenario load [36].
To lessen moments caused by fixed components, Owen and
DesJardins [61] use ball joints in the upper and lower loading
fixtures during ISO 10328 testing [42]. It is also seen in this
paper that, although both conditions 1 and 2 were tested for
proof strength, only ultimate strength tests performed with
condition 2 were communicated to readers.

The use of finite element analysis (FEA) is prevalent in
the studies involving the production and testing of load-
bearing prosthetic sockets [10,54,64]. Using FEA modeling
for prosthetic testing can reduce the requirement of clin-
ical appointments for an end user, further promoting a

hygienic and efficient workflow of manufacturing, fitting,
and design [54]. Through FEA evaluation, detailed informa-
tion on internal and external tissue loading (which can be
responsible for discomfort and injury) is made available [65].
By incorporating FEA into the structural design and form of
the socket, researchers have reduced the potential weight and
material use required for creating a lower limb prosthesis,
focusing on a monocoque design [66].

SLS-printed sockets have been observed to fail when
socket design in the digitalization space is altered to improve
efficiency. These alterations sacrifice material or design
quality to optimize material usage. As such, it has been noted
that parts produced with SLS technology must be produced at
the highest density outcome to minimize failure [67].

Software solutions for the structural design of the
prosthetic socket are constantly being explored, as there
is a significant bridge to gap between engineering design
approaches and clinical expertise. It is difficult to incorpo-
rate patient comfort, pressure relief, and the understanding
of patient alignment when engineering a digital file [68].
Optimal design solutions would see a simple, step-by-step
process wherein artificial intelligence would accommodate
for patient landmarks and clinical expertise to automatically
create an ideal socket form for a patient.

An important result from literature on structural testing
for load-bearing sockets is that failure mode is commonly
identified at the distal end of a socket for both traditionally
made and 3D-printed sockets. In the cases of 3D-printed
sockets, delamination of print layers is also identified as a
primary failure mode [44,69]. Kermavnar et al [70] have
noted that SLS-printed prosthetic sockets may also leave a
grainy surface finish, which may be undesirable for sensitive
skin contact or regular movement of the body. However, it
is possible that this issue can be rectified with postprocessing
the printed socket.
Clinician and Technician Experience
in the 3D Printing of Load-Bearing
Prosthetic Sockets
The practices of prosthetists and orthotists are accredited
through 14 education standards outlined by the International
Association of Prosthetists and Orthotists (ISPO) or through
the university courses themselves [15]. Where a clinician is
required to achieve a minimum level of 6 on the European
Qualification Framework, a technician (who works outside
the presence of the patient in the manufacturing process)
only requires a minimum level of 4. Despite technological
advancements, the current clinical and technical education
system does not incorporate AM knowledge or experience
into its learning outcomes. Educational systems have also
not adopted 3D scanning or digital rectification processes as
outputs to module learnings. Any experience of 3D printing,
its materials, or the digital manufacturing process for P&O
must be obtained through external training services provided
by digital manufacturers. Other than this, typical clinician
and technician experience with 3D printing will stem from
hobbies outside of working hours. For the future of prosthetic
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education, Spaulding et al [71] call for “a more evidence-
based approach to applying new technology and materials” in
their considerations.

Although there has been an increase in the adoption of
AM in the prosthetic industry, there are limited controls
implemented for product quality. The World Health Organ-
ization has incorporated 3D printing into their regulations
of lower limb prostheses and recommends the adherence to
quality standard ISO 13485. However, little guidance is given
for the validation and monitoring of AM sockets [33,72].
Despite these challenges, there have been successful rates
of adoption for digitalization internationally. Low-income
countries have seen benefits from the accessibility of 3D
printing and scanning through voluntary organizations [73].
In a direct clinical setting, business process reengineering
has been analyzed for the digitalization of the prosthetic
socket industry by Mohamed et al [74]. It was found that
“implementing digitalization in the fabrication process can
significantly address the bottlenecks identified in the current
business model” for prosthetic socket production. Another
paper by Gutierrez [75] highlights the reduction in manufac-
turing time when switching to digitalized workflows and
providing “clinicians with additional time to dedicate to
patient care and improved outcomes.”

Discussion
Principal Findings
Upon analyzing the findings in the current literature for
load-bearing sockets manufactured using digitalization, the
following discussion is outlined: (1) outlook on developing
technologies for load-bearing prostheses; (2) recommended
solutions for prosthetic socket additive manufacture; (3)
recommendations for improving adoption rates of digitalized
processes; (4) bias and limitations of the current literature;
and (5) conclusions.
Outlook on Developing Technologies for
Load-Bearing Prostheses
The clinical and manufacturing procedures for P&O have
remained virtually the same for a number of decades, with
excessive cost, waste, and physical data volumes produced
[76]. The materials involved with production are relia-
ble, consistent, and measurable through approved material
standards and product requirements. This reliability increases
difficulties in the deviation of current to digitalized process-
ing methods. As a result, the manufacturing process had not
developed from plaster molding, resin casting, and thermo-
forming up until the possibilities of AM were explored [76].

All physical data imperative to produce a traditionally
manufactured prosthetic socket (such as the plaster molds of
the patient) must be retained for a determined period [68].
This results in the need for large storage areas and physical
records. The entire fitting and manufacturing process itself
can take several days to weeks, including steps from fitting
the socket, assembling componentry (such as the foot and
other components), and refitting, to ensure correct alignment

and comfort [68]. For initial patient plaster casting, the
traditional process of obtaining data for socket rectification
is a time-consuming and physically invasive process.

The introduction of innovative technology has the ability
to address these discussed pain points and impact the design
methodology of prostheses for the better [24]. Changing to
3D scanning for form capture, digitalizing rectifications, and
3D printing final sockets are just a few examples of benefi-
cial innovative technology implementation for sockets [68].
These evolutions have the potential to reduce financial, time,
and employee resource costs if effectively executed [26].
The integration of technologies from AM, 3D scanning, and
computer-aided modeling will form innovative design and
production workflows. This may bring an opportunity to
create new products that can be more functionally pleas-
ing and sustainable through human-centered and emotional
design practices [70]. Practices can become less physically
invasive for patients, particularly through 3D scanning,
resulting in greater cases of positive experiences within a
clinical setting.
Recommended Solutions for Prosthetic
Socket Additive Manufacture
The manufacturing hardware mentioned in this review favors
powder bed fusion and binder jetting in achieving the
mechanical properties when prioritizing quality and high
strength for weight-bearing devices. Out of both processes,
Cai et al [60] highlight how MJF has higher ductility in the Z
axis by up to 25% for nylon printed parts. They also highlight
how surface finish and print accuracy were superior to SLS
nylon printed parts.

With the above stated, it is important to note that although
the cost of printers for SLS is more expensive than MJF,
printers for MJF need a higher amount of maintenance. Parts
replacement and material handling are highly demanding
compared to those of SLS due to their additional use of
fusing agents. The recommendations from this review are that
SLS or MJF technologies accessible within a P&O company
would promote adoption for new businesses investing in
digitalized workflows, as their strength is comparable to
traditional sockets. The possibilities of color printing are also
becoming more accessible through MJF printing, and dyeing
parts is possible through SLS technology.

For cheaper in-house prototyping, FFF is recommended
over stereolithography due to the lack of postprocessing
requirements and reduced health and safety hazards that come
with stereolithography’s liquid resin curing. By prototyping
in FFF before committing to SLS or MJF costs, it is possi-
ble to achieve clarity in the final component form ahead of
investing greater resources and expense. By using a proto-
typing FFF printer for prosthetic printing, it may also build
user confidence and engagement with AM technologies for
technicians and clinicians.
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Recommendations for Improving
Adoption Rates of Digitalized Processes
There is an increased demand for security in digitalized
socket manufacturing processes through mechanical testing.
To achieve reliable data on this subject, the importance of
replication and repetition of a singular testing method for
both traditional and 3D-printed prosthetic sockets should
be realized. If a standardized method for socket testing
was discovered, it may have the opportunity to increase
the application of both functional and emotional design
opportunities through 3D printing. These emotionally driven
alterations may then be tested for impact on overall device
strength. This would allow for the evaluation and inclusion
of custom accessory components if deemed safe after passing
relevant test standards. These additions would aid the cultural
adoption of device wearers, improving the device sustainabil-
ity at a decreased cost in comparison to traditional cosmetic
inclusions.

In mechanical testing of orthopedic implants for the hips,
components are often tested to last within set condition
parameters from worst-case scenario to best-case scenario. A
testing procedure similar to this approach may be most useful,
with sockets tested from a worst-case to best-case scenarios
in terms of alignment, form, and loading parameter. If the
material or process used for socket creation passes both these
setups, then it may be considered that all scenarios varying
between these extremes can be considered safe for use.

It is recommended that the digitalization workflow should
be treated as achievable and relevant to (but not altogether
a substitute for) the traditional socket workflow. Although
digitalized processes have the potential to streamline socket
production, they cannot replace the traditional workflow
entirely for more complex patient cases. Further study is
required to prove the efficacy of digitalized workflows for
various cases of extreme alignment, component inclusions,
and individual patient considerations.

Finally, it is important to recognize that implementing
a digitalized workflow, which works in a predominantly
online space, is a significant change to the know-how, skill
sets, and culture, learned and lived by current clinical and
technical employees. This transition should be recognized as
a challenge for clinicians and technicians. It is recommended
that clinical language, taught landmarks, clinical experience,
and employee work ethic should be incorporated into the
digitalized workflow in order to minimize abandonment of
this way of working.

New employee recruits may be better suited to the
adoption of digitalization due to a lack of experience
working traditionally, compared to established and experi-
enced employees. However, by building on current innova-
tion, engaging with educational exercises on digitalization,
and increasing AM accessibility, the digitalized workflow
can be adopted by all within the P&O industry regardless
of experience. The transition from traditional workflows

to digitalized ones takes time and must be provided with
appropriate support and resources by company management
and the industry.
Bias and Limitations of the Current
Literature
As AM is a rapidly evolving field with gray literature
and commercial data that may not be peer-reviewed, it is
important to note a potential effect of bias in reviewed data
sources. This review has taken care in referencing peer-
reviewed literature through the exploration of case studies,
AM implementation, and previous research. Some references
are commercially biased for the purposes of exploring and
expanding upon the current state of the art of the AM and
prosthetic industry within this review.
Conclusions
When it comes to the manufacture of prosthetic and orthotic
devices, both a standardized and customized way of working
converge to return a final product. If AM is to aid in the
customized manufacture of components, such as prosthetic
sockets, the finished component must have high tensile
strength and be relatively lightweight, with ductility for
potential failure and some flexibility for everyday wear.
The device must also be sufficiently resistant to wear over
time and have the ability to withstand varied temperature,
humidity, and UV exposure. These requests are not easy to
accomplish in all outlined processes.

Upon literature review for essential requirements of
prosthetic lower limb devices, it has been identified that there
is a distinct lack of regulation of custom-made devices in
comparison to the standardized componentry used alongside
them. When reviewing the possibilities of testing these
custom-made components, such as the prosthetic socket,
there are many challenges to face in order to achieve a
true representation of the broad range of prosthetic device
wearers. While research is currently being conducted using
test methods on prosthetic sockets that are designed for
standardized componentry, there is a need to apply regula-
tions of socket testing to reduce disparity in testing setups,
parameters, and componentry inclusion. The choice of AM
solution as well as material can also significantly impact
the structural integrity of the socket, as processing times,
volumes, cost, strength, and layer adhesion are among the top
values to be considered for each method of printing.

It is suggested that an understanding of the culture of
P&O companies be captured to evaluate the true potential of
AM in the prosthetic space. It is also imperative to note that
although AM technologies have the scope to greatly enhance
and improve the manufacturing processes of load-bearing
sockets, the technical skill set and decision-making of a
clinician and technician cannot be replaced and left behind,
both due to their clinical knowledge or expertise and the
need for further work on the efficacy of AM for load-bearing
prosthetic devices.

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Dagge et al

https://rehab.jmir.org/2025/1/e73065 JMIR Rehabil Assist Technol 2025 | vol. 12 | e73065 | p. 12
(page number not for citation purposes)

https://rehab.jmir.org/2025/1/e73065


Acknowledgments
Thank you to Atlantic Prosthetic & Orthotic Services Ltd employees for their support and guidance. Thanks to Coogan’s &
Dagge’s for the support and use of their facilities to complete this review.
Funding
This publication has emanated from research conducted with the financial support of Taighde Éireann – Research Ireland,
under Grant number 13/RC/2073_P2 at CÚRAM Research Ireland Centre for Medical Devices, and Atlantic Prosthetic
Orthotic Services Ltd.
Data Availability
All data generated or analyzed during this study are included in this published article.
Authors’ Contributions
Conceptualization: ED (lead), DD (equal), B Casey (equal), GK (equal), B Clancy (equal).
Data curation: ED.
Formal analysis: ED (lead), DD (equal).
Methodology: ED.
Project administration: DD (lead), GK (supporting), B Casey (supporting), B Clancy (supporting).
Resources: ED.
Supervision: DD (lead), GK (supporting), B Casey (supporting), B Clancy (supporting).
Validation: DD (lead), GK (supporting), B Casey (supporting), B Clancy (supporting).
Visualization: ED.
Writing–original draft: ED.
Writing–review & editing: ED (lead), DD (supporting), GK (supporting), B Casey (supporting), B Clancy (supporting).
Conflicts of Interest
None declared.
References
1. Angajala DK, Sahai A, Sharma RS. Chapter 28 - additive manufacturing of customized, accessible, and affordable lower

limb prosthetics in India: case study. In: Kumar A, Mittal RK, Haleem A, editors. Advances in Additive Manufacturing
Elsevier. Elsevier; 2023:463-477. [doi: 10.1016/B978-0-323-91834-3.00012-0] ISBN: 978-0-323-91834-3

2. James R, Laurencin CT. Regenerative engineering and bionic limbs. Rare Metals. Mar 1, 2015;34(3):143-155. [doi: 10.
1007/s12598-015-0446-0] [Medline: 25983525]

3. Patton K, Thibodeau G, Hutton A. Anatomy & Physiology: Adapted International Edition. 9th ed. Elsevier Limited;
2019. URL: https://clinicalkeymeded.elsevier.com/reader/books/9780702083693/epubcfi/6/2%5B%3Bvnd.vst.idref%
3Da9780702083693cover%5D!/4/2/2%5BCover%5D/2%4059:78 [Accessed 2025-12-01]

4. Hebert JS, Rehani M, Stiegelmar R. Osseointegration for lower-limb amputation: a systematic review of clinical
outcomes. JBJS Rev. Oct 2017;5(10):e10. [doi: 10.2106/JBJS.RVW.17.00037] [Medline: 29087966]

5. Paterno L, Ibrahimi M, Gruppioni E, Menciassi A, Ricotti L. Sockets for limb prostheses: a review of existing
technologies and open challenges. IEEE Trans Biomed Eng. Sep 2018;65(9):1996-2010. [doi: 10.1109/TBME.2017.
2775100] [Medline: 29993506]

6. Wang Y, Tan Q, Pu F, Boone D, Zhang M. A review of the application of additive manufacturing in prosthetic and
orthotic clinics from a biomechanical perspective. Engineering (Beijing). Nov 2020;6(11):1258-1266. [doi: 10.1016/j.
eng.2020.07.019]

7. Raschke SU. Limb prostheses: industry 1.0 to 4.0: perspectives on technological advances in prosthetic care. Front
Rehabil Sci. 2022;3:854404. [doi: 10.3389/fresc.2022.854404] [Medline: 36188935]

8. Ten Kate J, Smit G, Breedveld P. 3D-printed upper limb prostheses: a review. Disabil Rehabil Assist Technol. Apr
2017;12(3):300-314. [doi: 10.1080/17483107.2016.1253117] [Medline: 28152642]

9. Dally C, Johnson D, Canon M, Ritter S, Mehta K. Characteristics of a 3D-printed prosthetic hand for use in developing
countries. Presented at: 2015 IEEE Global Humanitarian Technology Conference (GHTC); Oct 8-11, 2015:66-70;
Seattle, WA. [doi: 10.1109/GHTC.2015.7343956]

10. Ráž K, Chval Z, Štěpánek M, Vyhnal O. Mechanical analysis of the newly developed 3D printed prosthetic socket from
PA12GB. MM Sci J. 2022;15:6064-6068. [doi: 10.17973/MMSJ.2022_11_2022134]

11. van der Stelt M, Verhamme L, Slump CH, Brouwers L, Maal TJ. Strength testing of low-cost 3D-printed transtibial
prosthetic socket. Proc Inst Mech Eng H. Mar 2022;236(3):367-375. [doi: 10.1177/09544119211060092] [Medline:
34852701]

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Dagge et al

https://rehab.jmir.org/2025/1/e73065 JMIR Rehabil Assist Technol 2025 | vol. 12 | e73065 | p. 13
(page number not for citation purposes)

https://doi.org/10.1016/B978-0-323-91834-3.00012-0
https://doi.org/10.1007/s12598-015-0446-0
https://doi.org/10.1007/s12598-015-0446-0
http://www.ncbi.nlm.nih.gov/pubmed/25983525
https://clinicalkeymeded.elsevier.com/reader/books/9780702083693/epubcfi/6/2%5B%3Bvnd.vst.idref%3Da9780702083693cover%5D!/4/2/2%5BCover%5D/2%4059:78
https://clinicalkeymeded.elsevier.com/reader/books/9780702083693/epubcfi/6/2%5B%3Bvnd.vst.idref%3Da9780702083693cover%5D!/4/2/2%5BCover%5D/2%4059:78
https://doi.org/10.2106/JBJS.RVW.17.00037
http://www.ncbi.nlm.nih.gov/pubmed/29087966
https://doi.org/10.1109/TBME.2017.2775100
https://doi.org/10.1109/TBME.2017.2775100
http://www.ncbi.nlm.nih.gov/pubmed/29993506
https://doi.org/10.1016/j.eng.2020.07.019
https://doi.org/10.1016/j.eng.2020.07.019
https://doi.org/10.3389/fresc.2022.854404
http://www.ncbi.nlm.nih.gov/pubmed/36188935
https://doi.org/10.1080/17483107.2016.1253117
http://www.ncbi.nlm.nih.gov/pubmed/28152642
https://doi.org/10.1109/GHTC.2015.7343956
https://doi.org/10.17973/MMSJ.2022_11_2022134
https://doi.org/10.1177/09544119211060092
http://www.ncbi.nlm.nih.gov/pubmed/34852701
https://rehab.jmir.org/2025/1/e73065


12. Kim S, Yalla S, Shetty S, Rosenblatt NJ. 3D printed transtibial prosthetic sockets: a systematic review. PLoS ONE.
2022;17(10):e0275161. [doi: 10.1371/journal.pone.0275161]

13. Binedell T, Subburaj K, Wong Y, Blessing LTM. Leveraging digital technology to overcome barriers in the prosthetic
and orthotic industry: evaluation of its applicability and use during the COVID-19 pandemic. JMIR Rehabil Assist
Technol. Nov 5, 2020;7(2):e23827. [doi: 10.2196/23827] [Medline: 33006946]

14. Davidson CI, Hendrickson CT, Matthews HS, et al. Preparing future engineers for challenges of the 21st century:
Sustainable engineering. J Clean Prod. May 2010;18(7):698-701. [doi: 10.1016/j.jclepro.2009.12.021]

15. ISPO Education Standards for Prosthetic/Orthotic Occupations. International Society for Prosthetics and Orthotics. 2023.
URL: https://www.ispoint.org/wp-content/uploads/2022/02/ispo_standards_nov2018_sprea.pdf [Accessed 2023-03-21]

16. Prosthetics and orthotics. University of Salford. 2023. URL: https://www.salford.ac.uk/courses/undergraduate/
prosthetics-and-orthotics [Accessed 2023-05-11]

17. Prosthetics & orthotics. University of Strathclyde. 2023. URL: https://www.strath.ac.uk/courses/undergraduate/
prostheticsorthotics/ [Accessed 2023-05-11]

18. Prosthetist guidance. Steeper Group. 2023. URL: https://www.steepergroup.com/prosthetics/clinical-services/prosthetist-
guidance/ [Accessed 2023-07-24]

19. Barrios-Muriel J, Romero-Sánchez F, Alonso-Sánchez FJ, Rodríguez Salgado D. Advances in orthotic and prosthetic
manufacturing: a technology review. Materials (Basel). Jan 9, 2020;13(2):295. [doi: 10.3390/ma13020295] [Medline:
31936429]

20. Gebhardt A. Understanding Additive Manufacturing. Hanser Publications, Munich; 2011:2. [doi: 10.1007/978-3-446-
43162-1]

21. Manero A, Smith P, Sparkman J, et al. Implementation of 3D printing technology in the field of prosthetics: past,
present, and future. Int J Environ Res Public Health. May 10, 2019;16(9):1641. [doi: 10.3390/ijerph16091641] [Medline:
31083479]

22. Gavette H, McDonald CL, Kostick-Quenet K, Mullen A, Najafi B, Finco MG. Advances in prosthetic technology: a
perspective on ethical considerations for development and clinical translation. Front Rehabil Sci. 2023;4:1335966. [doi:
10.3389/fresc.2023.1335966] [Medline: 38293290]

23. Berry D. Microprocessor prosthetic knees. Phys Med Rehabil Clin N Am. Feb 2006;17(1):91-113. [doi: 10.1016/j.pmr.
2005.10.006] [Medline: 16517347]

24. Jin Y an, Plott J, Chen R, Wensman J, Shih A. Additive manufacturing of custom orthoses and prostheses – a review.
Procedia CIRP. 2015;36:199-204. [doi: 10.1016/j.procir.2015.02.125]

25. Olsen J, Day S, Dupan S, Nazarpour K, Dyson M. 3D-printing and upper-limb prosthetic sockets: promises and pitfalls.
IEEE Trans Neural Syst Rehabil Eng. 2021;29:527-535. [doi: 10.1109/TNSRE.2021.3057984] [Medline: 33587701]

26. DaggeE, ClancyB, BentonJ, et al. Implementation of additive manufacturing workflows into the prosthetic & orthotic
industry: case study. J Eng App Sci Technol. Apr 30, 2024:1-5. [doi: 10.47363/JEAST/2024(6)237]

27. Rosicky J, Grygar A, Chapcak P, Bouma T, Rosicky J. Application of 3D scanning in prosthetic and orthotic clinical
practice. Presented at: 7th International Conference on 3D Body Scanning Technologies, Lugano, Switzerland, 30 Nov-1
Dec 2016; Nov 30 to Dec 1, 2016:88-97; Lugano, Switzerland. URL: https://proc.3dbody.tech/papers2016.html [doi: 10.
15221/16.088]

28. Ibrahim F, Abu El-Majd AEN, Abu El-ezz R. Using CAD – CAM technology in the design of prosthetic devices. Int J
Des. Oct 1, 2020;10(4):385-392. [doi: 10.21608/idj.2020.113374]

29. Regulation (EU) 2017/745 of the European parliament and of the council. Official Journal of the European Union. 2017.
URL: https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX%3A32017R0745

30. Regulation (EU) 2017/745 (EU MDR). The European Union Medical Device Regulation. 2023. URL: https://eumdr.
com/ [Accessed 2023-07-24]

31. ISO 22675:2024 prosthetics — testing of ankle-foot devices and foot units — requirements and test methods. ISO. 2024.
URL: https://www.iso.org/standard/79620.html [Accessed 2025-01-10]

32. ISO 22523:2006 - external limb prostheses and external orthoses — requirements and test methods. ISO. 2006. URL:
https://www.iso.org/standard/37546.html [Accessed 2025-01-14]

33. ISO 13485:2016 medical devices — quality management systems — requirements for regulatory purposes. ISO. 2016.
URL: https://www.iso.org/standard/59752.html [Accessed 2025-01-14]

34. Balk EM, Gazula A, Markozannes G, et al. Lower limb prostheses: measurement instruments, comparison of component
effects by subgroups, and long-term outcomes. Agency for Healthcare Research and Quality (US); 2018. 18-EHC017-
EF. [Medline: 30285344]

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Dagge et al

https://rehab.jmir.org/2025/1/e73065 JMIR Rehabil Assist Technol 2025 | vol. 12 | e73065 | p. 14
(page number not for citation purposes)

https://doi.org/10.1371/journal.pone.0275161
https://doi.org/10.2196/23827
http://www.ncbi.nlm.nih.gov/pubmed/33006946
https://doi.org/10.1016/j.jclepro.2009.12.021
https://www.ispoint.org/wp-content/uploads/2022/02/ispo_standards_nov2018_sprea.pdf
https://www.salford.ac.uk/courses/undergraduate/prosthetics-and-orthotics
https://www.salford.ac.uk/courses/undergraduate/prosthetics-and-orthotics
https://www.strath.ac.uk/courses/undergraduate/prostheticsorthotics/
https://www.strath.ac.uk/courses/undergraduate/prostheticsorthotics/
https://www.steepergroup.com/prosthetics/clinical-services/prosthetist-guidance/
https://www.steepergroup.com/prosthetics/clinical-services/prosthetist-guidance/
https://doi.org/10.3390/ma13020295
http://www.ncbi.nlm.nih.gov/pubmed/31936429
https://doi.org/10.1007/978-3-446-43162-1
https://doi.org/10.1007/978-3-446-43162-1
https://doi.org/10.3390/ijerph16091641
http://www.ncbi.nlm.nih.gov/pubmed/31083479
https://doi.org/10.3389/fresc.2023.1335966
http://www.ncbi.nlm.nih.gov/pubmed/38293290
https://doi.org/10.1016/j.pmr.2005.10.006
https://doi.org/10.1016/j.pmr.2005.10.006
http://www.ncbi.nlm.nih.gov/pubmed/16517347
https://doi.org/10.1016/j.procir.2015.02.125
https://doi.org/10.1109/TNSRE.2021.3057984
http://www.ncbi.nlm.nih.gov/pubmed/33587701
https://doi.org/10.47363/JEAST/2024(6)237
https://proc.3dbody.tech/papers2016.html
https://doi.org/10.15221/16.088
https://doi.org/10.15221/16.088
https://doi.org/10.21608/idj.2020.113374
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX%3A32017R0745
https://eumdr.com/
https://eumdr.com/
https://www.iso.org/standard/79620.html
https://www.iso.org/standard/37546.html
https://www.iso.org/standard/59752.html
http://www.ncbi.nlm.nih.gov/pubmed/30285344
https://rehab.jmir.org/2025/1/e73065


35. Balk EM, Gazula A, Markozannes G, et al. Table 1, Lower Limb Extremity Prosthesis Medicare Functional
Classification Levels (K Levels). Agency for Healthcare Research and Quality (US); 2018. URL: https://www.ncbi.nlm.
nih.gov/books/NBK531517/table/ch2.tab1 [Accessed 2025-12-01]

36. ISO 10328:2016 prosthetics — structural testing of lower-limb prostheses — requirements and test methods. ISO. 2016.
URL: https://www.iso.org/standard/70205.html [Accessed 2023-01-23]

37. Current TA, Kogler GF, Barth DG. Static structural testing of trans-tibial composite sockets. Prosthet Orthot Int. Aug
1999;23(2):113-122. [doi: 10.3109/03093649909071622] [Medline: 10493138]

38. Heitzmann DW, Pieschel K, Alimusaj M, Block J, Putz C, Wolf SI. Functional effects of a prosthetic torsion adapter in
trans-tibial amputees during unplanned spin and step turns. Prosthet Orthot Int. Oct 2016;40(5):558-565. [doi: 10.1177/
0309364615592698] [Medline: 26195621]

39. Quinlan J, Subramanian V, Yohay J, Poziembo B, Fatone S. Using mechanical testing to assess texturing of prosthetic
sockets to improve suspension in the transverse plane and reduce rotation. PLOS One. 2020;15(6):e0233148. [doi: 10.
1371/journal.pone.0233148] [Medline: 32525868]

40. Pousett B, Lizcano A, Raschke SU. An investigation of the structural strength of transtibial sockets fabricated using
conventional methods and rapid prototyping techniques. Can Prosthet Orthot J. 2019;2(1):31008. [doi: 10.33137/cpoj.
v2i1.31008] [Medline: 37614804]

41. Rai P, Jankiraman V, Teacher M, et al. Design and optimization of a 3D printed prosthetic socket for transtibial
amputees. Mater Today. 2022;70:454-464. [doi: 10.1016/j.matpr.2022.09.365]

42. Nickel EA, Barrons KJ, Owen MK, Hand BD, Hansen AH, DesJardins JD. Strength testing of definitive transtibial
prosthetic sockets made using 3D-printing technology. J Prosthet Orthot. 2020;32(4):295-300. [doi: 10.1097/JPO.
0000000000000294]

43. Bozkurt Y, Karayel E. 3D printing technology; methods, biomedical applications, future opportunities and trends. J
Mater Res technol. Sep 2021;14:1430-1450. [doi: 10.1016/j.jmrt.2021.07.050]

44. Kim GB, Lee S, Kim H, et al. Three-dimensional printing: basic principles and applications in medicine and radiology.
Korean J Radiol. 2016;17(2):182-197. [doi: 10.3348/kjr.2016.17.2.182] [Medline: 26957903]

45. Al-Fakih E, Arifin N, Pirouzi G, Mahamd Adikan FR, Shasmin HN, Abu Osman NA. Optical fiber Bragg grating-
instrumented silicone liner for interface pressure measurement within prosthetic sockets of lower-limb amputees. J
Biomed Opt. Aug 2017;22(8):1-8. [doi: 10.1117/1.JBO.22.8.087001] [Medline: 28822140]

46. Budinski N, Lavicza Z, Vukić N, et al. Interconnection of materials science, 3D printing and mathematic in
interdisciplinary education. STED. Nov 29, 2019;1(2):21-30. [doi: 10.7251/sted1902021b]

47. Quinlan J, Yohay J, Subramanian V, Poziembo B, Fatone S. Using mechanical testing to assess the effect of lower-limb
prosthetic socket texturing on longitudinal suspension. PLoS One. 2020;15(8):e0237841. [doi: 10.1371/journal.pone.
0237841] [Medline: 32813733]

48. Kim S, Yalla SV, Shetty S, Rosenblatt NJ. Structural integrity of custom-designed additive manufactured prosthetic
sockets compared to traditional sockets. Rim. Mar 2024;21:100549. [doi: 10.1016/j.rinma.2024.100549]

49. Azam MU, Belyamani I, Schiffer A, Kumar S, Askar K. Progress in selective laser sintering ofmultifunctional polymer
composites for strain- and self-sensing applications. J Mater Res Technol. May 2024;30:9625-9646. [doi: 10.1016/j.jmrt.
2024.06.024]

50. Farahani RD, Therriault D, Dubé M, Bodkhe S, Mahdavi M. 6.13 additive manufacturing of multifunctional
nanocomposites and composites. In: Beaumont PWR, Zweben CH, editors. Comprehensive Composite Materials II. Vol
6. Elsevier; 2018:380-407. [doi: 10.1016/B978-0-12-803581-8.10019-0] ISBN: 978-0-08-100534-7

51. Schneider J, Kumar S. Multiscale characterization and constitutive parameters identification of polyamide (PA12)
processed via selective laser sintering. Polym Test. Jun 2020;86:106357. [doi: 10.1016/j.polymertesting.2020.106357]

52. Guo B, Xu Z, Luo X, Bai J. A detailed evaluation of surface, thermal, and flammable properties of polyamide 12/glass
beads composites fabricated by multi jet fusion. Virtual Phys Prototyp. Sep 8, 2021;16(sup1):S39-S52. [doi: 10.1080/
17452759.2021.1899463]

53. Saleh Alghamdi S, John S, Roy Choudhury N, Dutta NK. Additive manufacturing of polymer materials: progress,
promise and challenges. Polymers (Basel). Feb 28, 2021;13(5):753. [doi: 10.3390/polym13050753] [Medline: 33670934]

54. Faustini MC, Crawford RH, Neptune RR, Rogers WE, Bosker G. Design and analysis of orthogonally compliant features
for local contact pressure relief in transtibial prostheses. J Biomech Eng. Nov 2005;127(6):946-951. [doi: 10.1115/1.
2049331] [Medline: 16438231]

55. Tiwari SK, Pande S, Agrawal S, Bobade SM. Selection of selective laser sintering materials for different applications.
Rapid Prototyp J. Oct 19, 2015;21(6):630-648. [doi: 10.1108/RPJ-03-2013-0027]

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Dagge et al

https://rehab.jmir.org/2025/1/e73065 JMIR Rehabil Assist Technol 2025 | vol. 12 | e73065 | p. 15
(page number not for citation purposes)

https://www.ncbi.nlm.nih.gov/books/NBK531517/table/ch2.tab1
https://www.ncbi.nlm.nih.gov/books/NBK531517/table/ch2.tab1
https://www.iso.org/standard/70205.html
https://doi.org/10.3109/03093649909071622
http://www.ncbi.nlm.nih.gov/pubmed/10493138
https://doi.org/10.1177/0309364615592698
https://doi.org/10.1177/0309364615592698
http://www.ncbi.nlm.nih.gov/pubmed/26195621
https://doi.org/10.1371/journal.pone.0233148
https://doi.org/10.1371/journal.pone.0233148
http://www.ncbi.nlm.nih.gov/pubmed/32525868
https://doi.org/10.33137/cpoj.v2i1.31008
https://doi.org/10.33137/cpoj.v2i1.31008
http://www.ncbi.nlm.nih.gov/pubmed/37614804
https://doi.org/10.1016/j.matpr.2022.09.365
https://doi.org/10.1097/JPO.0000000000000294
https://doi.org/10.1097/JPO.0000000000000294
https://doi.org/10.1016/j.jmrt.2021.07.050
https://doi.org/10.3348/kjr.2016.17.2.182
http://www.ncbi.nlm.nih.gov/pubmed/26957903
https://doi.org/10.1117/1.JBO.22.8.087001
http://www.ncbi.nlm.nih.gov/pubmed/28822140
https://doi.org/10.7251/sted1902021b
https://doi.org/10.1371/journal.pone.0237841
https://doi.org/10.1371/journal.pone.0237841
http://www.ncbi.nlm.nih.gov/pubmed/32813733
https://doi.org/10.1016/j.rinma.2024.100549
https://doi.org/10.1016/j.jmrt.2024.06.024
https://doi.org/10.1016/j.jmrt.2024.06.024
https://doi.org/10.1016/B978-0-12-803581-8.10019-0
https://doi.org/10.1016/j.polymertesting.2020.106357
https://doi.org/10.1080/17452759.2021.1899463
https://doi.org/10.1080/17452759.2021.1899463
https://doi.org/10.3390/polym13050753
http://www.ncbi.nlm.nih.gov/pubmed/33670934
https://doi.org/10.1115/1.2049331
https://doi.org/10.1115/1.2049331
http://www.ncbi.nlm.nih.gov/pubmed/16438231
https://doi.org/10.1108/RPJ-03-2013-0027
https://rehab.jmir.org/2025/1/e73065


56. Ortiz R, Ong B, Koo JH, Wu H. 8 - Polymer nanocomposites for laser additive manufacturing. In: Brandt M, editor.
Laser Additive Manufacturing. Elsevier; 2017:205-235. [doi: 10.1016/B978-0-08-100433-3.00008-7] ISBN:
978-0-08-100433-3

57. Kafle A, Luis E, Silwal R, Pan HM, Shrestha PL, Bastola AK. 3D/4D printing of polymers: fused deposition modelling
(FDM), selective laser sintering (SLS), and stereolithography (SLA). Polymers (Basel). Sep 15, 2021;13(18):3101. [doi:
10.3390/polym13183101] [Medline: 34578002]

58. Rogers B, Bosker GW, Crawford RH, et al. Advanced trans-tibial socket fabrication using selective laser sintering.
Prosthet Orthot Int. Mar 2007;31(1):88-100. [doi: 10.1080/03093640600983923] [Medline: 17365888]

59. Stephens S, Crawford RH, Rogers W, Gitter A, Bosker G. Manufacture of compliant prosthesis sockets using selective
laser sintering 565. The University of Texas at Austin. 2000. URL: https://hdl.handle.net/2152/75984 [Accessed
2025-08-28]

60. Cai C, Tey WS, Chen J, et al. Comparative study on 3D printing of polyamide 12 by selective laser sintering and multi
jet fusion. J Mater Process Technol. Feb 2021;288:116882. [doi: 10.1016/j.jmatprotec.2020.116882]

61. Owen MK, DesJardins JD. Transtibial prosthetic socket strength: The use of ISO 10328 in the comparison of standard
and 3D-printed sockets. J Prosthet Orthot. 2020;32(2):93-100. [doi: 10.1097/JPO.0000000000000306]

62. Gariboldi F, Cutti AG, Fatone S, et al. Mechanical testing of transtibial prosthetic sockets: a discussion paper from the
American Orthotic and Prosthetic Association Socket Guidance Workgroup. Prosthet Orthot Int. Feb 1, 2023;47(1):3-12.
[doi: 10.1097/PXR.0000000000000222] [Medline: 36763513]

63. Hsu LH, Huang GF, Lu CT, Hong DY, Liu SH. The development of a rapid prototyping prosthetic socket coated with a
resin layer for transtibial amputees. Prosthet Orthot Int. Mar 2010;34(1):37-45. [doi: 10.3109/03093640902911820]
[Medline: 19947824]

64. Faustini MC, Neptune RR, Crawford RH. The quasi-static response of compliant prosthetic sockets for transtibial
amputees using finite element methods. Med Eng Phys. Mar 2006;28(2):114-121. [doi: 10.1016/j.medengphy.2005.04.
019] [Medline: 15941666]

65. Moerman KM, Solav D, Sengeh D, Herr H. Automated and data-driven computational design of patient-specific
biomechanical interfaces. engrXiv. Preprint posted online on Aug 15, 2016. [doi: 10.31224/osf.io/g8h9n]

66. De Vivo Nicoloso LG, Pelz J, Barrack H, Kuester F. Towards 3D printing of a monocoque transtibial prosthesis using a
bio-inspired design workflow. RPJ. Dec 17, 2021;27(11):67-80. [doi: 10.1108/RPJ-06-2021-0136]

67. Rogers B, Gitter A, Bosker G, Faustini M, Lokhande M. Clinical evaluation of prosthetic sockets manufactured by
selective laser sintering. Presented at: Proceedings for the 2001 International Solid Freeform Fabrication Symposium;
Aug 6-8, 2001:505-512; Austin, TX. URL: http://dx.doi.org/10.26153/tsw/3345 [Accessed 2025-11-30]

68. Ballit A. Design and manufacturing process optimization for prosthesis of the lower limb [Thesis]. Université de
Technologie de Compiègne; 2020. URL: https://theses.hal.science/tel-03311669v1/file/These_UTC_Abbass_Ballit.pdf
[Accessed 2025-11-30]

69. Lepoivre A, Boyard N, Levy A, Sobotka V. Heat transfer and adhesion study for the FFF additive manufacturing
process. Procedia Manuf. 2020;47:948-955. [doi: 10.1016/j.promfg.2020.04.291]

70. Kermavnar T, Shannon A, O’Sullivan LW. The application of additive manufacturing / 3D printing in ergonomic aspects
of product design: a systematic review. Appl Ergon. Nov 2021;97:103528. [doi: 10.1016/j.apergo.2021.103528]
[Medline: 34256321]

71. Spaulding SE, Kheng S, Kapp S, Harte C. Education in prosthetic and orthotic training: looking back 50 years and
moving forward. Prosthet Orthot Int. Dec 2020;44(6):416-426. [doi: 10.1177/0309364620968644] [Medline: 33164659]

72. WHO standards for prosthetics and orthotics. World Health Organization. 2017. URL: https://www.who.int/publications/
i/item/9789241512480 [Accessed 2025-11-14]

73. Vitali A, Regazzoni D, Rizzi C, Colombo G. Design and additive manufacturing of lower limb prosthetic socket.
Presented at: ASME 2017 International Mechanical Engineering Congress and Exposition; Nov 3-9, 2017; Tampa,
Florida. Nov 3, 2017.[doi: 10.1115/IMECE2017-71494]

74. Mohamed NA, Ishak N, Shukry A. Identifying key areas for improvement in business processes: adopting digitalization
in the manufacturing of prosthetic sockets. Presented at: 5th Asia Pacific Conference on Industrial Engineering and
Operations Management; Sep 10-12, 2024; Tokyo, Japan. URL: https://ieomsociety.org/tokyo2024/proceedings// [doi:
10.46254/AP05.20240249]

75. Gutierrez AR. Exploring the future of prosthetics and orthotics: harnessing the potential of 3D printing. Can Prosthet
Orthot J. 2023;6(2):42140. [doi: 10.33137/cpoj.v6i2.42140] [Medline: 38873127]

76. Gariboldi F, Pasquarelli D, Cutti AG. Structural testing of lower-limb prosthetic sockets: a systematic review. Med Eng
Phys. Jan 2022;99:103742. [doi: 10.1016/j.medengphy.2021.103742] [Medline: 35058025]

JMIR REHABILITATION AND ASSISTIVE TECHNOLOGIES Dagge et al

https://rehab.jmir.org/2025/1/e73065 JMIR Rehabil Assist Technol 2025 | vol. 12 | e73065 | p. 16
(page number not for citation purposes)

https://doi.org/10.1016/B978-0-08-100433-3.00008-7
https://doi.org/10.3390/polym13183101
http://www.ncbi.nlm.nih.gov/pubmed/34578002
https://doi.org/10.1080/03093640600983923
http://www.ncbi.nlm.nih.gov/pubmed/17365888
https://hdl.handle.net/2152/75984
https://doi.org/10.1016/j.jmatprotec.2020.116882
https://doi.org/10.1097/JPO.0000000000000306
https://doi.org/10.1097/PXR.0000000000000222
http://www.ncbi.nlm.nih.gov/pubmed/36763513
https://doi.org/10.3109/03093640902911820
http://www.ncbi.nlm.nih.gov/pubmed/19947824
https://doi.org/10.1016/j.medengphy.2005.04.019
https://doi.org/10.1016/j.medengphy.2005.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15941666
https://doi.org/10.31224/osf.io/g8h9n
https://doi.org/10.1108/RPJ-06-2021-0136
http://dx.doi.org/10.26153/tsw/3345
https://theses.hal.science/tel-03311669v1/file/These_UTC_Abbass_Ballit.pdf
https://doi.org/10.1016/j.promfg.2020.04.291
https://doi.org/10.1016/j.apergo.2021.103528
http://www.ncbi.nlm.nih.gov/pubmed/34256321
https://doi.org/10.1177/0309364620968644
http://www.ncbi.nlm.nih.gov/pubmed/33164659
https://www.who.int/publications/i/item/9789241512480
https://www.who.int/publications/i/item/9789241512480
https://doi.org/10.1115/IMECE2017-71494
https://ieomsociety.org/tokyo2024/proceedings//
https://doi.org/10.46254/AP05.20240249
https://doi.org/10.33137/cpoj.v6i2.42140
http://www.ncbi.nlm.nih.gov/pubmed/38873127
https://doi.org/10.1016/j.medengphy.2021.103742
http://www.ncbi.nlm.nih.gov/pubmed/35058025
https://rehab.jmir.org/2025/1/e73065


Abbreviations
AM: additive manufacturing
CE: Conformité Européenne
FEA: finite element analysis
FFF: fused filament fabrication
ISO: International Organization for Standardization
ISPO: International Association of Prosthetists and Orthotists
MJF: Multi Jet Fusion
P&O: prosthetics and orthotics
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