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ABSTRACT

This literature review on the design of amputated lower limbs has covered various aspects related to prosthetic limb design. It has highlighted the
need for continuous improvement and innovation in order to enhance user satisfaction, mobility, and overall quality of life. Biomechanical factors
such as gait analysis, joint range of motion, force distribution, and energy efficiency were identified as crucial considerations in amputated lower-limb
design. Socket design principles, focusing on comfort and proper load distribution, were found to be essential for achieving a well-fitting and func-
tional prosthetic limb. Emerging technologies, including advanced materials, robotics, neural interfaces, and sensor technology, were explored as
potential avenues for improvement. These technologies showed promise in enhancing functionality, control, and sensory feedback in prosthetic limbs.
A user-centric approach was emphasized, involving users in the design process and incorporating their feedback and preferences. Affordability and
accessibility were highlighted as significant concerns, calling for the development of cost-effective solutions. Long-term performance and durability
were also emphasized, stressing the need for robust materials and quality control processes. The integration of neural interfaces and sensory feedback
posed opportunities and challenges for achieving more natural limb control and sensation. To sum up, this literature review has furnished valuable
perspectives on amputated lower-limb design, underscoring the significance of refining design principles, accounting for biomechanical variables,
embracing emerging technologies, and integrating user input. Future directions include addressing affordability, long-term performance, and neural

integration while leveraging advancements in materials, technology, and user-centered design.
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INTRODUCTION

Background and significance of designing
amputated lower limbs

The loss of a lower limb has a profound impact on an indi-
vidual’s mobility and quality of life. Whether resulting
from trauma, disease, or congenital conditions, lower-limb
amputations necessitate the development of effective pros-
thetic limbs to restore functionality and improve the overall
well-being of individuals (Legro et al., 1998; Livneh et al.,
1999; Behel et al., 2002; Horgan and MacLachlan, 2004;
Kauzlari¢ et al., 2007). The design of amputated lower limbs
plays a crucial role in facilitating mobility, enabling activi-
ties of daily living, and promoting psychological and social
integration. This review provides an in-depth analysis of the
background and significance of designing prosthetic limbs
for amputated lower limbs, emphasizing the biomechanical
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considerations and psychosocial impact on individuals. The
foundation of lower-limb amputation design lies in a thor-
ough comprehension of the biomechanics of the human body.
Essential for superior performance and comfort of prosthetic
limbs, proper distribution of loads and weight-bearing capa-
bilities are of paramount importance. Designers must con-
sider factors such as the alignment of the prosthetic limb,
joint biomechanics, and gait patterns (Dipl-Ing et al., 2012;
Simon et al., 2016; Edelstein and Chui, 2019; Mohamed and
Appling, 2019; Zhang et al., 2019, 2020; Kobayashi et al.,
2020; Siddikali and Sreekanth, 2020; Butowicz et al., 2021;
Jarvis et al., 2021; Kohler et al., 2021; Pinhey et al., 2022).
Load distribution plays a pivotal role in prosthetic limb
design. Prostheses must be engineered to mimic the natu-
ral load distribution of the lower limb, ensuring that forces
are appropriately distributed across the residual limb and the
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prosthetic limb. This helps prevent pressure points and dis-
comfort while maintaining stability and balance during vari-
ous activities. Joint biomechanics, including the ankle, knee,
and hip, are essential considerations for designing prosthetic
limbs. Mimicking the natural range of motion and providing
appropriate joint stiffness enable users to engage in a wide
range of functional activities. Moreover, proper alignment of
the prosthetic limb is crucial to achieve optimal biomechani-
cal efficiency, facilitating an efficient gait pattern and reduc-
ing the risk of secondary health issues such as back pain and
joint degeneration. Gait analysis is another critical compo-
nent of amputated lower-limb design (McFadyen and Winter,
1988; Schmalz et al., 2007). Understanding the dynamics of
walking and the forces exerted during different phases of the
gait cycle enables designers to develop prosthetic limbs that
closely mimic the natural movement patterns of the lower
limb. This enhances mobility and minimizes energy expend-
iture, ultimately improving overall functional outcomes for
amputees (Burger et al., 1997; Deathe and Miller, 2005).

In addition to the biomechanical considerations, the
design of amputated lower limbs has a significant psycho-
social impact on individuals. Prosthetic limb design can
greatly influence an individual’s psychological well-being,
self-esteem, and social integration (Jackson et al., 2001).
The appearance and aesthetics of prosthetic limbs play a
crucial role in user acceptance and confidence. Designing
prostheses that closely resemble the natural limb can help
amputees regain a sense of normalcy and promote positive
body image. Additionally, advances in prosthetic limb aes-
thetics, such as the use of realistic skin-like coverings and
customizable designs, contribute to the overall acceptance
and integration of prostheses into the individual’s self-
identity. User-centered design approaches are vital in ensur-
ing user satisfaction and quality of life outcomes. Engaging
amputees in the design process, considering their unique
needs, preferences, and functional requirements, allows for
personalized and tailored prosthetic limb solutions. User
involvement empowers individuals, fosters a sense of own-
ership, and promotes a more positive experience with the
prosthetic limb. Psychosocial integration is another signif-
icant aspect influenced by prosthetic limb design. A well-
designed prosthetic limb can enable individuals to participate
in social activities, enhance their self-confidence, and reduce
stigmatization. Providing individuals with functional and

aesthetically pleasing prostheses contributes to their overall
well-being, allowing them to engage in various activities and
roles within their communities (Datta et al., 1992; Pezzin
et al., 2004; Johannes et al., 2019; Safari, 2020; Yu et al.,
2021).

Definition and classification of lower-limb
amputation

Lower-limb amputation involves the removal of a part or the
entire lower extremity, including bones, muscles, and soft
tissues. The extent of the amputation can vary depending
on the underlying conditions, the extent of tissue damage,
and the goals of the procedure. Amputations can be cat-
egorized into different levels based on the location of the
amputation relative to anatomical landmarks (Wong et al.,
2016). Figure 1 shows the major classification of lower-limb
amputation. Following are the classification of lower-limb
amputation:

Toe or partial foot amputation type of amputation involves
the removal of one or more toes or a portion of the forefoot.
It is commonly performed for conditions such as gangrene,
infections, or deformities that affect a localized area of the
foot. Transmetatarsal amputation involves the removal of the
forefoot up to the metatarsal bones. It is performed when
there is a need to remove a larger portion of the foot, while
preserving the ankle joint and the ability to bear weight on
the residual limb. Lisfranc or Chopart amputation involves
the removal of the midfoot, including the metatarsal bones,
tarsal bones, and the corresponding articulations. This type of
amputation is typically performed in cases of severe trauma
or deformities affecting the midfoot. Syme amputation is a
surgical procedure that involves the removal of the foot and
ankle joint while preserving the heel pad. This procedure
aims to provide a weight-bearing surface for better pros-
thetic fitting and improved functional outcomes. Transtibial
amputation refers to the removal of the lower leg, including
the tibia and fibula bones, while preserving the knee joint.
It is one of the most common types of lower-limb amputa-
tions and is performed for various reasons, including trauma,
vascular diseases, or complications of diabetes. Knee dis-
articulation involves the removal of the lower-limb at the
knee joint level, preserving the femur bone. This type of
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Figure 1: Major classification of lower limb amputation.
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amputation is typically performed when preserving the knee
joint is beneficial for maintaining stability, allowing for bet-
ter prosthetic fitting and functional outcomes. Transfemoral
amputation, also known as above-knee amputation, involves
the removal of the entire lower limb, including the femur
bone. This is a more complex procedure that requires the use
of a prosthetic knee joint for functional mobility. Hip disar-
ticulation is the most extensive form of lower-limb amputa-
tion, involving the removal of the entire lower limb along
with the hip joint. This procedure is performed in rare cases
where there is extensive disease or trauma involving the hip
joint.

Importance of optimal design for
prosthetic limbs

The pivotal role of optimal design in crafting prosthetic limbs
cannot be overstated, directly influencing functionality, com-
fort, and the well-being of those with limb loss. Prosthetic
limb design surpasses aesthetics, encompassing a holistic
grasp of biomechanics, user requirements, and technologi-
cal progress. This work highlights the importance of opti-
mal design for prosthetic limbs and its significant impact on
enhancing mobility, promoting independence, and improv-
ing the overall well-being of individuals. One of the primary
goals of prosthetic limb design is to restore and enhance
mobility for individuals with limb loss. Optimal design takes
into account the biomechanical principles of human locomo-
tion, ensuring that the prosthesis closely mimics the natural
movement of the missing limb (Jonsson et al., 2011). By
providing appropriate joint dynamics, alignment, and weight
distribution, prosthetic limbs enable users to engage in vari-
ous activities, such as walking, running, and climbing stairs.
An optimal design ensures a seamless integration between
the residual limb and the prosthetic component, allowing for
efficient energy transfer and reducing the effort required dur-
ing locomotion. This results in improved walking efficiency,
reduced fatigue, and enhanced overall functionality, ena-
bling individuals to regain their independence and actively
participate in daily activities (Taylor et al., 1996). Chen et al.
(2022) studied a robust gait phase estimation method using
thigh angle models to avoid measurement errors. A Kalman
filter-based smoother is designed to further enhance the esti-
mation. The proposed method is evaluated through offline
analysis and validated in real-time experiments.

Comfort is a vital aspect of prosthetic limb design. A
well-designed prosthesis considers factors such as socket fit,
cushioning, and interface pressure management to minimize
discomfort and skin-related issues. Proper weight distribu-
tion and alignment of the prosthetic limb alleviate excessive
pressure on the residual limb, reducing the risk of pain, skin
breakdown, and long-term complications. Customization
is another critical component of optimal design. Each indi-
vidual’s residual limb is unique in terms of size, shape, and
sensitivity. A customized prosthetic limb ensures a precise
fit and accommodates the specific needs and functional
requirements of the user. Customization also extends to aes-
thetic considerations, allowing individuals to personalize
their prosthetic limbs, contributing to their self-esteem and
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body image (Ma et al., 2019; Pei et al., 2021). Prosthetic
limb design significantly impacts an individual’s psycho-
logical and social well-being. Aesthetics and cosmesis play
a vital role in promoting body image, self-confidence, and
social acceptance. Advancements in design techniques,
materials, and coverings allow for the creation of realistic-
looking prosthetic limbs that closely resemble natural limbs,
reducing the stigma associated with limb loss. User-centered
design approaches empower individuals by involving them
in the design process, considering their preferences and
addressing their psychosocial needs. This collaboration fos-
ters a sense of ownership and promotes a positive user expe-
rience, enhancing user satisfaction and overall well-being.
By providing functional and aesthetically pleasing prosthetic
limbs, individuals can feel more confident, actively engage
in social interactions, and regain a sense of normalcy in their
lives (Cohen and Hoberman, 1983; Dunn, 1996; Gallagher
and MacLachlan, 2001; Behel et al., 2002).

The significance of ideal design is magnified by ongo-
ing technological progress. Prosthetic limb design stands
to gain from breakthroughs like microprocessors, sensors,
and robotics, allowing for intelligent prosthetic systems that
dynamically adjust to users’ motions, enhancing control, sta-
bility, and responsiveness. Technological advancements also
facilitate the integration of wearable devices and smart inter-
faces, allowing users to monitor their activity levels, adjust
settings, and receive real-time feedback. These features
enhance the functionality and usability of prosthetic limbs,
promoting a seamless interaction between the user and the
device (Siddiqui et al., 2023b; Deathe and Miller, 2005).

Objectives and scope of the review

The objective of conducting a systematic literature review
on the design of amputated lower limbs is to provide a
comprehensive and evidence-based analysis of the existing
knowledge in this field. The review aims to identify and
evaluate relevant research studies, articles, and publications
that address various aspects of prosthetic limb design for
individuals with lower-limb amputations. The review aims
to identify and analyze the key design factors that influ-
ence the development of prosthetic limbs for amputated
lower limbs. This includes examining aspects such as bio-
mechanical considerations, material selection, alignment
techniques, socket design, interface technology, and cus-
tomization options. The present work seeks to assess the
impact of different design approaches on functional out-
comes for individuals with lower-limb amputations. This
includes analyzing gait analysis, energy expenditure, mobil-
ity, stability, balance, and performance in various activities
of daily living. This involves examining factors such as
comfort, fit, aesthetics, cosmesis, psychosocial integration,
and overall user experience. The review aims to identify
design features that contribute to higher user satisfaction
and improved psychosocial well-being. The review seeks to
explore and discuss emerging technologies and innovations
in prosthetic limb design for amputated lower limbs. This
includes examining the potential applications of robotics,
sensor technology, artificial intelligence (Al), and wearable
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devices in enhancing the functionality and usability of pros-
thetic limbs.

This systematic literature review concentrates on the
design elements of prosthetic limbs intended for individu-
als with lower-limb amputations. The review’s coverage
encompasses peer-reviewed journal articles, conference pro-
ceedings, and pertinent materials from the gray literature.
The review encompasses research conducted in various dis-
ciplines, such as biomechanics, engineering, rehabilitation,
and clinical practice. The inclusion criteria for this review
involve studies that address the design of prosthetic limbs,
including but not limited to socket design, alignment tech-
niques, material selection, control systems, and user-centered
design approaches. Studies evaluating functional outcomes,
user satisfaction, and quality of life measures related to pros-
thetic limb design are also included. This review excludes
studies that focus solely on surgical techniques, rehabilita-
tion protocols, or clinical outcomes unrelated to prosthetic
limb design. Additionally, studies that do not provide suf-
ficient information on the design aspects or lack empirical
data are excluded from the review.

METHODOLOGY
Research question(s) and objectives

Identify the key design factors and considerations involved
in the development of prosthetic limbs for individuals with
lower-limb amputations, including biomechanical consid-
erations, material selection, alignment techniques, socket
design, interface technology, and customization options.
Evaluate the impact of different design approaches on func-
tional outcomes, including gait analysis, energy expendi-
ture, mobility, stability, balance, and performance in various
activities of daily living for individuals with lower-limb
amputations. Assess user satisfaction and quality of life
outcomes associated with different prosthetic limb designs,
including factors such as comfort, fit, aesthetics, cosme-
sis, psychosocial integration, and overall user experience.

Explore emerging technologies and innovations in pros-
thetic limb design for amputated lower limbs, including
robotics, sensor technology, Al, and wearable devices, and
their potential applications in enhancing functionality and
usability. Identify gaps in the existing literature and provide
recommendations for future research and development in the
design of prosthetic limbs for individuals with lower-limb
amputations. By addressing these research objectives, this
study aims to provide valuable insights into the design fac-
tors and considerations that contribute to optimal prosthetic
limb designs. The findings can inform clinical practice and
prosthetic limb development, and ultimately improve the
functional outcomes, user satisfaction, and quality of life for
individuals with lower-limb amputations.

Search strategy and inclusion criteria

A systematic literature review was conducted on the design
of amputated lower limbs. A comprehensive search strategy
was implemented to identify relevant studies. The search
involved electronic databases, including PubMed and
Scopus. Figure 2 shows the search terms and their variations
used in conducting the literature review.

The inclusion criteria for selecting relevant literature were
as follows:
* Studies published in peer-reviewed journals, conference
proceedings, and relevant gray literature.
Studies conducted on individuals with lower-limb
amputations.
Studies that focus on the design aspects of prosthetic
limbs, including socket design, alignment techniques,
material selection, control systems, and user-centered
design approaches.
Studies that evaluate functional outcomes, such as gait
analysis, energy expenditure, mobility, stability, balance,
and performance in various activities of daily living.
Studies that assess user satisfaction and quality of life
measures related to prosthetic limb design, including fac-
tors like comfort, fit, aesthetics, cosmesis, psychosocial
integration, and overall user experience.

1. "Lower-limb 2. "Prosthetic limb 3. "Prosthetic socket
amputation" design" design"
— p— ——
4. "Biomechanics of 5 "Material selection 6. A!lgnment
amputated lower f s - techniques for
. " or prosthetic limbs e "
limbs prosthetic limbs
— —
7. "Interface i i 9. "Functional
8. "Customization of .
technology for S outcomes of prosthetic
e prosthetic limbs s o
prosthetic limbs limbs
—— —p—— —p—
10. "User satisfaction 11. "Quality of life for 12. "Emerging
. I Y " technologies in
with prosthetic limbs amputated individuals T .
prosthetic limb design
S Eee

Figure 2: Search terms used in conducting literature survey.
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» Studies that explore emerging technologies and innova-
tions in prosthetic limb design for amputated lower limbs,
including robotics, sensor technology, Al, and wearable
devices.

» Studies published in English.

The following criteria were used to exclude irrelevant

literature:

» Studies that focus solely on surgical techniques, rehabil-
itation protocols, or clinical outcomes unrelated to pros-
thetic limb design.

e Studies that lack sufficient information on the design
aspects or lack empirical data.

e Studies not published in English, unless they provide a
comprehensive abstract or English translation.

By applying these inclusion and exclusion criteria, this
review will ensure the selection of relevant literature that
addresses the research question and objectives effectively.

Study selection process

The study selection process for the systematic literature
review on the design of amputated lower limbs was as fol-
lows. The titles and abstracts of the identified studies were
screened to determine their relevance to the research ques-
tion and inclusion criteria. Studies that clearly did not meet
the inclusion criteria or were irrelevant to the topic were
excluded at this stage. The remaining studies from the ini-
tial screening underwent a full-text assessment. The full-text
articles were carefully reviewed to determine if they met
all the inclusion criteria and provided relevant information
on the design aspects of prosthetic limbs for amputated
lower limbs. Studies that did not meet the inclusion crite-
ria or lacked the required information were excluded. The
included studies underwent data extraction, where relevant
information such as study characteristics (author, year of
publication), study design, sample size, methodology, key
findings, and outcomes were extracted and organized in a
standardized format. This process ensured that important
information from each study was captured for analysis. The
quality and risk of bias of the included studies were assessed
using appropriate tools or checklists. This assessment helped
evaluate the strength and reliability of the evidence provided
by each study and considered potential sources of bias that
may have affected the validity of the findings. The extracted
data were synthesized and analyzed to identify common
themes, patterns, and trends in the design of prosthetic limbs
for amputated lower limbs. This synthesis may have included
a narrative synthesis or, if appropriate, a meta-analysis of the
quantitative data.

BIOMECHANICAL CONSIDERATIONS
IN DESIGN

The design of prosthetic limbs for individuals with low-
er-limb amputations is a complex process that requires a
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comprehensive understanding of biomechanical princi-
ples. Biomechanics plays a crucial role in determining the
functionality, comfort, and overall performance of these
devices. Present review provides an overview of the bio-
mechanical factors that influence the design of amputated
lower-limb prosthetics, including socket design, alignment,
joint mechanics, and gait analysis (Horgan and MacLachlan,
2004; Deathe and Miller, 2005; Kahle et al., 2008; Highsmith
et al., 2010; Siddikali and Sreekanth, 2020; Pinhey et al.,
2022). The socket is a critical component of the prosthetic
limb that interfaces with the residual limb. Its design signif-
icantly affects the fit, stability, and weight-bearing distribu-
tion (Kohler et al., 2021). The socket must be customized to
the shape of an individual’s residual limb to ensure a precise
fit, maximize contact area, and distribute forces evenly. It
should also provide adequate support and promote efficient
energy transfer during walking and other activities. Proper
socket design reduces pressure points, enhances comfort,
and minimizes the risk of skin breakdown and discomfort.
Alignment refers to the correct positioning of the prosthetic
limb in relation to the user’s anatomy. Proper alignment is
crucial to achieve optimal biomechanical function and gait
symmetry. Alignment factors include the angular positioning
of the knee, ankle, and foot, as well as the sagittal, coro-
nal, and transverse planes. Precise alignment helps maintain
proper joint mechanics, reduces stress on the residual limb,
and improves stability and balance during walking and other
movements (Schmalz et al., 2002; Zhang et al., 2019, 2020).

Prosthetic limbs must replicate the natural joint mechan-
ics of the lower limb to ensure smooth and efficient move-
ment. The mechanical behavior of prosthetic joints, such as
the knee and ankle, should closely mimic the natural range
of motion, joint axes, and kinematics. This allows users to
perform activities such as walking, running, and climbing
stairs with minimal deviations from normal biomechanics.
Proper joint mechanics facilitates a more natural gait pattern,
reduces energy expenditure, and enhances overall function-
ality and user satisfaction (Schmalz et al., 2002; Orendurff
et al., 2006; Bae et al., 2009). Gait analysis is a valuable tool
for evaluating the biomechanical performance of prosthetic
limbs (Ferrari et al., 2008; Peters et al., 2010; El Habachi
et al., 2015; Leardini et al., 2017). It involves the measure-
ment and assessment of various parameters during walking,
such as step length, stride length, cadence, ground reaction
forces, and joint angles. By analyzing gait patterns, clini-
cians and researchers can identify biomechanical deviations
and assess the effectiveness of prosthetic limb designs. Gait
analysis helps optimize alignment, socket fit, and component
selection, leading to improved walking efficiency, reduced
fatigue, and enhanced functional outcomes (Stagni et al.,
2005, 2009; Koh et al., 2009; Li et al., 2012; Gasparutto
etal., 2015).

Optimal weight distribution is crucial for comfortable and
efficient use of prosthetic limbs. Uneven weight distribution
can lead to discomfort, pressure points, and skin irritation.
Prosthetic limb designs should distribute weight evenly
across the residual limb and the prosthetic components to
minimize excessive loading and prevent overuse injuries
(Simon et al., 2016). A balanced weight distribution also
helps users maintain stability, balance, and control during
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activities, contributing to enhanced mobility and overall
functionality. To ensure the prolonged durability of prosthetic
limbs, specific recommendations and best practices can be
implemented. Regular maintenance routines, including thor-
ough cleaning and lubrication of components, can prevent
premature wear and damage. Proper usage techniques and
weight management are essential to avoid excessive strain
on the prosthetic. Consideration of these biomechanical
factors is essential in the design of amputated lower-limb
prosthetics. An integrated approach that combines socket
design, alignment, joint mechanics, and gait analysis results
in optimal prosthetic limb functionality and improved user
outcomes. By understanding the biomechanical principles
and their impact on design, prosthetists and engineers can
create personalized and efficient prosthetic limb solutions
that maximize mobility, comfort, and overall quality of life
for individuals with lower-limb amputations (Duprey et al.,
2017). Table 1 summarizes some recent studies carried out
in prosthetic design.

Socket design

Socket design is a critical aspect of prosthetic limb devel-
opment, as it serves as the interface between the residual
limb and the prosthesis (Gerschutz et al., 2012; Gariboldi
et al., 2022). The socket plays a crucial role in distributing
forces, providing stability, and ensuring user comfort. This
text provides an overview of the key principles and con-
siderations involved in socket design for individuals with
lower-limb amputations. One of the primary objectives of
socket design is to achieve an individualized fit for each
user. Residual limbs come in various shapes, sizes, and
contours, requiring custom-made sockets to ensure proper
contact and load distribution. Individualized fit minimizes
pressure points, reduces shear forces, and enhances overall
comfort. To achieve this, prosthetists employ techniques
such as plaster casting, 3D scanning, and digital modeling
to capture the unique anatomy of the residual limb (Rai
et al., 2022). Efficient load distribution is crucial for opti-
mal functionality and comfort. The socket must evenly dis-
tribute forces across the residual limb to prevent localized
pressure and potential skin breakdown. Various strategies
are employed to achieve proper load distribution, such as
the use of pressure-relief areas, padding, and flexible mate-
rials. Pressure mapping technologies and computer simula-
tions help evaluate the load distribution characteristics of
different socket designs (Lenhart et al., 2015; Siddikali and
Sreekanth, 2020). Socket design must provide adequate
stability and suspension to ensure secure attachment of the
prosthetic limb to the residual limb. Stability refers to the
control of rotational and translational movements, while
suspension involves maintaining the prosthesis in posi-
tion during various activities. Various suspension meth-
ods, including suction, vacuum-assisted, and strap-based
systems, are utilized to achieve secure and comfortable
suspension. The socket design should accommodate the
necessary suspension mechanism while ensuring stabil-
ity and minimizing unwanted movements (Quinlan et al.,
2020a, 2020D).

The choice of materials and construction techniques sig-
nificantly impact the performance of the socket. Materials
should be lightweight, durable, and compatible with the
user’s skin. Commonly used materials include thermoplas-
tics, carbon composites, and silicone liners. Advanced man-
ufacturing methods, such as 3D printing, allow for complex
socket designs and customization. Proper fabrication tech-
niques, including lamination, molding, and thermoform-
ing, ensure the desired shape, strength, and durability of
the socket (Gerschutz et al., 2011, 2012). User comfort is a
critical consideration in socket design. Discomfort or pain
can significantly affect the user’s adherence and satisfaction
with the prosthetic limb. Socket design should consider fac-
tors such as cushioning, pressure distribution, breathability,
and temperature control (Gariboldi et al., 2023). Innovative
technologies, including gel liners, adjustable interfaces, and
modular components, help enhance comfort by reducing
pressure points and improving socket fit and adjustabil-
ity. Proper alignment of the socket is essential for optimal
biomechanical function and gait symmetry (Marinopoulos
et al., 2022). The alignment ensures that the prosthesis rep-
licates the natural anatomical position and joint axes of the
lower limb. Precise alignment contributes to improved sta-
bility, reduced energy expenditure, and more efficient gait
patterns. Alignment adjustments may be necessary during
the fitting process to fine-tune the socket’s orientation and
optimize user performance. Socket design should allow for
adjustability and adaptability to accommodate changes in the
residual limb, such as volume fluctuations, muscle atrophy,
or bony prominences. Adjustable components, modular sys-
tems, and interchangeable interfaces enable prosthetists to
make necessary modifications without requiring a complete
socket replacement (Dickinson et al., 2023). This adaptabil-
ity extends the lifespan of the socket and ensures an optimal
fit and function over time. The interface between the resid-
ual limb and the socket, along with the suspension system,
significantly influences socket performance (Quinlan et al.,
2020a). Soft interfaces, such as silicone liners, help improve
comfort, cushioning, and moisture management. Suspension
systems, including suction, vacuum, or strap-based systems,
provide secured attachment and control of the prosthetic
limb.

Prosthetic components and technologies

Prosthetic limbs have significantly evolved over the years,
thanks to advancements in technology and the development
of innovative components. These components and technolo-
gies play a crucial role in enhancing the functionality, com-
fort, and overall performance of prosthetic limbs. Present
work provides an overview of various prosthetic components
and technologies used in lower-limb prosthetics, including
sockets, feet, knees, power systems, and emerging advance-
ments. The socket is the interface between the residual limb
and the prosthetic limb. It is custom-made to fit the indi-
vidual’s residual limb and plays a vital role in distributing
forces and providing stability. Socket components include
liners, suspension systems, and adjustable interfaces. Liners,
made of materials like silicone or gel, improve comfort
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Table 1: Continued.

Outcome

Methodology

Objective

Titanium alloy exhibits high durability and tensile strength but is
costly for manufacturing running blades. Aluminum alloy (2024
T4) blades experience more deformation compared to titanium

and carbon fiber blades. Carbon fiber offers excellent mechani-

Conduct finite element modeling and numerical

Investigate the effect of different materials on

Siddiqui et al.
(2023a)

11

simulations to study the static behavior of a prosthetic

the functionality of prosthetic running blades.

running blade under various load conditions. Evaluate
the performance based on total deformation, equiv-

cal properties and has outstanding tensile properties, making it

suitable for creating running blades.

alent stress, and strain energy. Compare the use of
titanium alloy (grade 5), carbon fiber, stainless steel

(AISI 316), and aluminum alloy (2024 T4) as materials

for running blades.

Abbreviations: CAD, computer-aided design; CAM, computer-aided manufacturing; LMICs, low- and middle-income countries; TMR, targeted muscle reinnervation.

and cushioning. Suspension systems, such as suction or
vacuum-assisted systems, help secure the prosthesis to the
residual limb. Adjustable interfaces allow for modifications
to accommodate changes in residual limb volume or shape
(Graebner and Current, 2007; Gerschutz et al., 2011, 2012;
Steer et al., 2020; Gariboldi et al., 2023).

Prosthetic feet are designed to replicate the function of
the natural foot and provide stability, shock absorption, and
propulsion. Various foot components are available, includ-
ing carbon fiber composites, energy-storing materials, and
dynamic response feet. Carbon fiber composites offer light-
weight and flexible properties, allowing for natural move-
ment. Energy-storing feet absorb and release energy during
gait, enhancing walking efficiency. Dynamic response feet
adapt to varying terrains and provide improved stability and
balance (Noroozi et al., 2013; Talla et al., 2021). Prosthetic
knees are essential for providing stability, mobility, and con-
trol during walking and other activities. Knee components
range from mechanical hinges to advanced microproces-
sor-controlled knees. Mechanical knees offer simplicity
and reliability, providing basic stability and swing control.
Hydraulic and pneumatic knees utilize fluid systems to adjust
resistance and improve gait dynamics. Microprocessor-
controlled knees use sensors and algorithms to adapt knee
function in real time, allowing for more natural and dynamic
movement (Lucchetti et al., 1998; Seymour et al., 2007;
Simon et al., 2016). Power systems, such as microproces-
sor-controlled ankles and bionic systems, provide additional
functionality and power for individuals with higher activity
levels. Microprocessor-controlled ankles utilize sensors and
advanced algorithms to adjust ankle movement and provide
stability on an uneven terrain. Bionic systems use motor-
ized components and sensors to replicate muscle function
and offer powered propulsion, allowing users to walk with
increased speed and efficiency (Seymour et al., 2007).

The progress of technology consistently expands the hori-
zons of prosthetic limb design. Ongoing innovations encom-
pass robotics, Al, sensor technology, and wearable devices.
Robotics entails the incorporation of robotic elements within
prosthetic limbs, enabling enhanced precision and move-
ment control. Al enables the prosthesis to adapt and learn
user preferences and gait patterns. Sensor technology pro-
vides real-time feedback on gait mechanics, weight distribu-
tion, and balance. Wearable devices, such as exoskeletons,
assistive braces, and smart textiles, offer additional support
and functionality (Caviedes et al., 2022; Gomez-Correa and
Cruz-Ortiz, 2022). The use of advanced prosthetic compo-
nents and technologies offers several advantages. Improved
functionality, increased comfort, enhanced stability, and
better cosmesis contribute to improved quality of life for
prosthetic limb users. These advancements also enable indi-
viduals to engage in various activities and sports, promoting
an active and fulfilling lifestyle. However, challenges exist,
such as the high cost of advanced technologies, the need
for specialized training, and the ongoing development and
customization required to meet individual needs. Prosthetic
components and technologies continue to advance, rev-
olutionizing the field of lower-limb prosthetics. Socket
components, foot designs, knee systems, power systems,
and emerging advancements all contribute to improved
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functionality, comfort, and user satisfaction. These advance-
ments empower individuals with lower-limb amputations
to lead active and fulfilling lives, bridging the gap between
disability and ability. Continued research, development, and
accessibility of these components and technologies are vital
to further improve prosthetic limb design.

Patient-centric design considerations

In recent years, there has been a paradigm shift toward
patient-centric design in the field of prosthetics. Recognizing
the importance of meeting the unique needs and preferences
of individual users, prosthetic design has evolved to prioritize
the patient’s comfort, functionality, and overall satisfaction.
Here we explore the key considerations in patient-centric
design, including customization, user involvement, com-
fort, functionality, aesthetics, and psychosocial factors. One
of the fundamental aspects of patient-centric design is cus-
tomization. Every individual has unique anatomical charac-
teristics, functional requirements, and personal preferences.
Customization allows prosthetists to tailor the design, fit,
and functionality of prosthetic limbs to meet the specific
needs of each patient. This includes considerations such as
residual limb shape, size, and volume, as well as the align-
ment, components, and interface materials used in the pros-
thesis. Customization ensures a better fit, improved comfort,
and enhanced overall functionality for the individual user
(Beekman and Axtell, 1987; Reinbolt et al., 2005; Akarsu
et al., 2013). Involving the patient in the design process is
crucial for achieving patient-centric outcomes. By actively
engaging individuals with amputations in decision-making,
prosthetists can gain valuable insights into their unique
needs, goals, and expectations. Patient involvement allows
for open communication, shared decision-making, and a col-
laborative approach to design. Prosthetists can gain a better
understanding of the user’s lifestyle, preferences, and activ-
ities, enabling them to create prosthetic solutions that align
with the user’s specific requirements and optimize their
functional outcomes.

Comfort is a paramount consideration in patient-centric
design. Prosthetic limbs should be comfortable to wear for
extended periods, minimizing discomfort, pressure points,
and skin irritation. Factors such as socket design, padding,
suspension systems, and interface materials play a crucial
role in enhancing comfort. Customized socket design ensures
a proper fit and weight distribution, reducing pressure on the
residual limb. The use of cushioning materials, such as sili-
cone liners or gel interfaces, improves comfort and reduces
friction. Attention to detail in design and fabrication helps
minimize discomfort and maximize overall satisfaction for
the user. Patient-centric design places a strong emphasis on
improving the functionality of prosthetic limbs. The aim is to
enable users to perform a wide range of activities, including
walking, running, climbing stairs, and engaging in sports or
recreational activities. Prosthetic components, such as knees,
feet, and power systems, are chosen based on the user’s
functional requirements and activity level. The alignment,
joint mechanics, and range of motion should closely mimic
the natural limb to facilitate more natural movement and gait
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patterns (Adouni et al., 2012). By focusing on functional-
ity, patient-centric design empowers individuals to regain
their independence and participate fully in daily activities.
The visual appearance of prosthetic limbs is an essential
consideration in patient-centric design (Hall and Dornan,
1990). Aesthetics can have a significant impact on an indi-
vidual’s self-esteem, body image, and social acceptance.
Prosthetists work closely with patients to create prosthetic
limbs that match their skin tone, incorporate realistic fea-
tures, and align with their personal preferences. Advances in
cosmetic covers, realistic silicone skin, and patterned socket
designs allow for greater customization and aesthetic appeal.
By considering the aesthetics, patient-centric design seeks
to address not only the physical but also the psychological
well-being of individuals with amputations. Patient-centric
design acknowledges the psychosocial impact of pros-
thetic limbs on individuals’ lives. It recognizes the impor-
tance of addressing psychological, emotional, and social
aspects alongside physical considerations. Prosthetic limbs
should enhance self-confidence, body image, and quality
of life for the user. Factors such as ease of use, reliability,
and social acceptance are crucial. Peer support, counseling,
and psychological interventions are also integrated into
patient-centricity.

DESIGN EVALUATION AND
VALIDATION

The design of prosthetic limbs for individuals with low-
er-limb amputations requires a thorough evaluation and
validation process to ensure their safety, effectiveness, and
user satisfaction. We explore the key aspects of design
evaluation and validation, including biomechanical testing,
clinical trials, user feedback, and regulatory compliance.
Biomechanical testing plays a vital role in evaluating the
performance and functionality of prosthetic limb designs.
Various biomechanical parameters, such as joint range of
motion, force distribution, and gait analysis, are measured
and analyzed (McFadyen and Winter, 1988; Schmalz et al.,
2007; Bellmann et al., 2010). Biomechanical testing helps
assess the alignment, joint mechanics, energy efficiency, and
overall biomechanical behavior of the prosthetic limb. By
comparing the performance of different designs, prosthetists
can make informed decisions about the optimal design fea-
tures and adjustments required for optimal user outcomes.
Clinical trials are conducted to assess the safety and effec-
tiveness of prosthetic limb designs in real-world settings.
These trials involve a group of individuals with lower-limb
amputations who use the prosthetic limb under monitored
conditions. Clinical trials evaluate various aspects, includ-
ing fit, function, comfort, durability, and user satisfaction.
Objective measurements, such as walking speed, energy
expenditure, and balance, are collected, along with sub-
jective feedback from the participants. The data collected
during clinical trials provide valuable insights into the per-
formance of the prosthetic limb and help identify areas for
improvement (Leach et al., 1999; Mohamed and Appling,
2019).
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User feedback is a crucial component of design evalu-
ation and validation. The experiences, preferences, and
perspectives of individuals using prosthetic limbs offer
valuable insights into the usability, comfort, and func-
tionality of the design. Feedback can be obtained through
surveys, interviews, focus groups, or user experience
testing. Prosthetists actively seek user feedback at vari-
ous stages of the design process, including initial fittings,
follow-up appointments, and long-term use (Legro et al.,
1998). User feedback helps identify issues, such as dis-
comfort, fit problems, or functional limitations, which
can then be addressed through design modifications or
adjustments. Prosthetic limb designs must adhere to reg-
ulatory standards and requirements to ensure their safety
and effectiveness. Regulatory bodies, such as the Food and
Drug Administration in the United States or the European
Medicines Agency in Europe, have specific guidelines and
regulations for medical devices, including prosthetic limbs.
These regulations cover aspects such as design specifica-
tions, manufacturing processes, labeling, and risk manage-
ment. Compliance with regulatory requirements ensures
that the prosthetic limb meets established safety and per-
formance standards, providing reassurance to users and
healthcare professionals. Design evaluation and validation
are part of an iterative process in prosthetic limb develop-
ment. Feedback from biomechanical testing, clinical trials,
and user input is used to refine and improve the design. This
iterative approach allows for continuous optimization and
fine-tuning of the prosthetic limb’s performance, comfort,
and functionality. Prosthetists collaborate with engineers,
researchers, and users to implement design modifications
based on the evaluation results. The iterative design pro-
cess ensures that prosthetic limb designs evolve and adapt
to meet the diverse needs of individuals with lower-limb
amputations.

The design evaluation and validation of amputated
lower limbs are critical steps in ensuring the safety, effec-
tiveness, and user satisfaction of prosthetic limb designs.
Biomechanical testing, clinical trials, user feedback, and
regulatory compliance all contribute to the evaluation pro-
cess. By combining objective measurements with subjective
user experiences, prosthetists can refine and optimize pros-
thetic limb designs to meet the unique needs and preferences
of individuals with lower-limb amputations. The iterative
design process ensures continuous improvement and inno-
vation in prosthetic limb technology, ultimately enhancing
the quality of life for prosthetic limb users (Gallagher and
MacLachlan, 2002; Chen et al., 2006).

EMERGING TRENDS

The field of prosthetics is constantly evolving, driven by
advancements in technology, research, and the evolving
needs of individuals with limb loss. Several emerging trends
and future directions are shaping the landscape of prosthet-
ics, offering new possibilities and improved outcomes for
prosthetic limb users as shown in Figure 3 (Peters et al.,
2010; Gariboldi et al., 2022; Abubakre et al., 2023).

Advanced
Materials
Virtual Reality Robotics and
and Simulation \ Exoskeletons
Y
Regenerative Neural
Medicine Interfaces
Machine
Learning and Sensor
Artificial Technology
Intelligence

Figure 3: Emerging trends and future directions of prosthetic
technologies.

e The use of advanced materials, such as carbon fiber
composites, titanium alloys, and 3D-printed prosthetics,
is gaining momentum. These materials offer improved
strength, durability, and customization options. Carbon
fiber composites provide lightweight and flexible proper-
ties, allowing for more natural movement. Titanium alloys
offer strength and corrosion resistance, making them suit-
able for active individuals. 3D printing enables personal-
ized and cost-effective prosthetic limb production, with
the ability to create complex geometries and customized
designs.

* Robotics and exoskeleton technologies are transforming
the field of prosthetics. Robotic prosthetic limbs, con-
trolled by sophisticated algorithms and sensors, offer
enhanced functionality, dexterity, and natural movement.
They enable users to perform intricate tasks and fine
motor control. Exoskeletons provide external support and
augmentation, assisting individuals with impaired mobil-
ity in walking and other activities. These technologies are
continuously improving, with advancements in power
sources, control systems, and sensor integration.

e Neural interfaces hold great promise for improving
the integration between prosthetic limbs and the user’s
nervous system. Brain—computer interfaces (BCIs) and
peripheral nerve interfaces (PNIs) allow for direct com-
munication and control between the prosthetic limb and
the user’s neural signals. BCIs enable users to control
their prosthetic limbs through their thoughts, while PNIs
facilitate sensory feedback, allowing users to feel and per-
ceive their prosthetic limb as an extension of their body.
Research in neural interfaces aims to enhance the natural
control and embodiment of prosthetic limbs.

» Sensors play a crucial role in prosthetic limb design, pro-
viding feedback on movement, force distribution, and bal-
ance. Advancements in sensor technology, such as inertial
measurement units, force sensors, and pressure sensors,
offer greater accuracy and reliability in capturing data.
These sensors provide real-time feedback to users and
clinicians, enabling adjustments and optimization of pros-
thetic limb function. Sensor technology also contributes to
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the development of intelligent prosthetics that can adapt to
the user’s movements and the environment.

e Machine learning and Al have the potential to revolution-
ize prosthetic limb design and functionality. These tech-
nologies can analyze vast amounts of data, learn from
user patterns, and adapt prosthetic limb control algorithms
accordingly. Al algorithms can optimize prosthetic limb
performance, improve energy efficiency, and enhance
user experience. Machine learning and Al also enable per-
sonalized prosthetic limb solutions based on individual
user characteristics and preferences.

e Regenerative medicine holds promise for the develop-
ment of biological solutions in prosthetics. Tissue engi-
neering, stem cell research, and regenerative therapies aim
to promote tissue regeneration and enhance the integration
of prosthetic limbs with the user’s body. The development
of biocompatible materials, scaffolds, and bioactive sub-
stances can stimulate tissue growth and repair, leading
to improved prosthetic limb integration and long-term
outcomes.

e Virtual reality (VR) and simulation technologies offer
valuable tools for prosthetic limb design and training. VR
simulations provide realistic and immersive environments
for users to practice and adapt to their prosthetic limbs.
They also enable prosthetists to assess the fit and function
of prosthetic limbs virtually before physical fabrication.
VR and simulation technologies aid in improving user
training, prosthetic limb adjustments, and overall user
experience.

FUTURE DIRECTIONS AND
OPPORTUNITIES

As the field of prosthetics continues to advance, several
challenges and opportunities lie ahead. Addressing these
challenges and leveraging the opportunities will shape the
future of prosthetic limb design and improve outcomes for
individuals with limb loss. One of the key challenges is
making prosthetic limbs more affordable and accessible to a
wider population. The cost of advanced prosthetic technol-
ogies can be prohibitive, limiting access for many individu-
als. Future efforts should focus on developing cost-effective
solutions without compromising on quality and functional-
ity. This includes exploring new manufacturing processes,
materials, and distribution models to increase affordability
and availability. Ensuring the long-term performance and
durability of prosthetic limbs is crucial. Prosthetic compo-
nents and materials should withstand the demands of daily
use and maintain functionality over time. Enhancements in
materials science, durability testing, and quality control pro-
cesses can address this challenge and extend the lifespan of
prosthetic limbs.

Improving the overall user experience and satisfaction
with prosthetic limbs is an ongoing goal. This includes
enhancing comfort, fit, and aesthetics, as well as minimiz-
ing issues such as socket discomfort and skin irritation.
User-centered design approaches, involving users in the
design process, and integrating user feedback are essential
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for meeting individual needs and preferences. Achieving
seamless neural integration and providing sensory feedback
remain significant challenges. Advancements in neural inter-
faces and sensory feedback systems are crucial for creating
prosthetic limbs that closely mimic natural limb function and
provide a sense of embodiment for users. Further research
and development in this area will open new opportunities for
enhancing motor control and sensory perception. Effective
rehabilitation and training programs are essential for max-
imizing the benefits of prosthetic limb use. Future efforts
should focus on developing innovative training methods,
VR simulations, and personalized rehabilitation programs
to optimize user adaptation, functional outcomes, and long-
term usage of prosthetic limbs.

CONCLUSION

This review has examined various aspects, including pros-
thetic limb designs, biomechanical factors, socket design
principles, emerging technologies, user-centric design, and
future directions. The findings highlighted the importance of
optimizing prosthetic limb design to enhance user satisfac-
tion, mobility, and overall quality of life. The evaluation of
existing prosthetic limb designs revealed the need for con-
tinuous improvement and innovation. Different designs were
assessed based on their performance, functionality, and user
satisfaction. This evaluation helped identify the strengths
and weaknesses of current designs and provided insights
for further enhancements. Biomechanical factors emerged
as crucial considerations in amputated lower-limb design.
Gait analysis, joint range of motion, force distribution,
and energy efficiency were examined to understand their
impact on prosthetic limb performance. These factors play
a significant role in ensuring a natural gait pattern, stability,
and energy conservation for users. Socket design principles
were found to be essential for achieving a comfortable and
well-fitting prosthetic limb. This review has emphasized
the significance of individualized socket design to enhance
user comfort, minimize pressure points, and distribute loads
appropriately. A well-designed socket is crucial for opti-
mal function and user satisfaction. Emerging technologies
in prosthetic limb design were explored as potential ave-
nues for improvement. Advanced materials, such as carbon
fiber composites and 3D-printed prosthetics, offered bene-
fits like lightweight construction and customizable designs.
Robotics, exoskeletons, neural interfaces, and sensor tech-
nology showed promise in enhancing functionality, con-
trol, and sensory feedback in prosthetic limbs. This review
has highlighted the importance of a user-centric approach
in prosthetic limb design. User feedback, preferences, and
experiences were considered integral to the design process.
Involving users in decision-making and design iterations led
to better outcomes and higher satisfaction rates. Ensuring
a patient-centric design approach is crucial for meeting the
diverse needs and preferences of individuals with ampu-
tated lower limbs. Several challenges and future directions
were identified. Affordability and accessibility of prosthetic
limbs emerged as significant concerns, necessitating the
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development of cost-effective solutions. Long-term perfor-
mance and durability were emphasized, highlighting the
need for robust materials and quality control processes. The
integration of neural interfaces and sensory feedback posed
both opportunities and challenges for achieving more natural
limb control and sensation. In conclusion, this review has
provided insights into the design of amputated lower limbs,
emphasizing the importance of optimizing design principles,
considering biomechanical factors, adopting emerging tech-
nologies, and incorporating user feedback. Future directions
include addressing challenges related to affordability, long-
term performance, and neural integration, while leveraging

REFERENCES

Abubakre O.K., Medupin R.O., Akintunde 1.B., Jimoh O.T., Abdulkareem
A.S., Muriana R.A, et al. (2023). Carbon nanotube-reinforced poly-
mer nanocomposites for sustainable biomedical applications: a review.
J. Sci. Adv. Mater. Dev., 8(2), 100557. 10.1016/j.jsamd.2023.100557.

Adouni M., Shirazi-Adl A. and Shirazi R. (2012). Computational biodynam-
ics of human knee joint in gait: from muscle forces to cartilage stresses.
J. Biomech., 45(12), 2149-2156. 10.1016/j.jbiomech.2012.05.040.

Akarsu S., Tekin L., Safaz I., Goktepe A.S. and Yazicioglu, K. (2013). Qual-
ity of life and functionality after lower limb amputations: comparison
between uni- vs. bilateral amputee patients. Prosthet. Orthot. Int.,
37(1), 9-13. 10.1177/0309364612438795.

Bae T.S., Choi K. and Mun M. (2009). Level walking and stair climbing
gait in above-knee amputees. J. Med. Eng. Technol., 33(2), 130-135.
10.1080/03091900701404043.

Beekman C.E. and Axtell L.A. (1987). Prosthetic use in elderly patients
with dyscasvular above-knee and through-knee amputations. Phys.
Ther., 67(10), 1510-1516. 10.1093/PTJ/67.10.1510.

Behel J.M., Rybarczyk B., Elliott T.R., Nicholas J.J. and Nyenhuis D.
(2002). The role of perceived vulnerability in adjustment to lower
extremity amputation: a preliminary investigation. Rehabil. Psychol.,
47(1), 92-105. 10.1037/0090-5550.47.1.92.

Bellmann M., Schmalz T. and Blumentritt S. (2010). Comparative biomechan-
ical analysis of current microprocessor-controlled prosthetic knee joints.
Arch. Phys. Med. Rehabil., 91(4), 644-652. 10.1016/j.apmr.2009.12.014.

Burger H., Marintek C. and Isakov E. (1997). Mobility of persons after
traumatic lower limb amputation. Disabil. Rehabil., 19(7), 272-277.
10.3109/09638289709166538.

Butowicz C.M., Yoder A.J., Farrokhi S., Mazzone B. and Hendershot B.D.
(2021). Lower limb joint-specific contributions to standing postural
sway in persons with unilateral lower limb loss. Gait Posture, 89,
109-114. 10.1016/j.gaitpost.2021.06.020.

Cabibihan J.J., Alkhatib F., Mudassir M., Lambert L.A., Al-Kwifi O.S.,
Diab K., et al. (2021). Suitability of the openly accessible 3D printed
prosthetic hands for war-wounded children. Front. Robot. Al, 7,
594196. 10.3389/frobt.2020.594196.

Caviedes J., Li B., Swan P. and Chen J. (2022). A new wearable stretch sen-
sor array for 3D spine model visualization during therapeutic exercise.
Med. Eng. Phys., 99, 103732. 10.1016/j.medengphy.2021.11.008.

Chen N.Z., Lee W.C.C. and Zhang M. (2006). A numerical approach to
evaluate the fatigue life of monolimb. Med. Eng. Phys., 28(3), 290-
296. 10.1016/j.medengphy.2005.07.002.

Chen X., Chen C., Wang Y., Yang B., Ma T., Leng Y., et al. (2022). A piecewise
monotonic gait phase estimation model for controlling a powered
transfemoral prosthesis in various locomotion modes. /EEE Robot.
Autom. Lett., 7(4), 9549-9556. 10.1109/LRA.2022.3191945.

Cohen S. and Hoberman H.M. (1983). Positive events and social supports
as buffers of life change stress. J. Appl. Soc. Psychol., 13(2), 99-125.
10.1111/J.1559-1816.1983.TB02325.X.

Datta D., Nair P.N. and Payne J. (1992). Outcome of prosthetic management
of bilateral lower-limb amputees. Disabil. Rehabil., 14(2), 98-102.
10.3109/09638289209167079.

opportunities for advancements in materials, technology, and
user-centered design. By addressing these key findings, the
field of prosthetic limb design can continue to improve the
quality of life for individuals with amputated lower limbs.

ACKNOWLEDGMENTS

The authors extend their appreciation to the King Salman
Center for Disability Research for funding this work through
Research Group no KSRG-2022-049.

Deathe A.B. and Miller W.C. (2005). The L test of functional mobility:
measurement properties of a modified version of the timed “up & go”
test designed for people with lower-limb amputations. Phys. Ther.,
85(7), 626-635. 10.1093/PTJ/85.7.626.

Dickinson A.S., Donovan-Hall M.K., Kheng S., Bou K., Tech A., Steer
J.W., et al. (2022). Selecting appropriate 3D scanning technol-
ogies for prosthetic socket design and transtibial residual limb
shape characterization. J. Prosthet. Orthot., 34(1), 33-43. 10.1097/
JPO.0000000000000350.

Dickinson A., Nickel E., Fatone S., Gariboldi E., Steer J., Cutti, A.G.,
et al. (2023). Toward standardized methods for prosthetic socket
mechanical testing. Prosthet. Orthot. Int., 47(1), 1-2. 10.1097/
PXR.0000000000000221.

Dipl-Ing M.B., Schmalz T., Dipl-Ing E.L. and Blumentritt S. (2012). Imme-
diate effects of a new microprocessor-controlled prosthetic knee
joint: a comparative biomechanical evaluation. Arch. Phys. Med.
Rehabil., 93, 541-549.

Dunn D.S. (1996). Well-being following amputation: salutary effects of
positive meaning, optimism, and control. Rehabil. Psychol., 41(4),
285-302. 10.1037/0090-5550.41.4.285.

Duprey S., Naaim A., Moissenet F., Begon M. and Cheze L. (2017).
Kinematic models of the upper limb joints for multibody kinemat-
ics optimisation: an overview. J. Biomech., 62, 87-94. 10.1016/j.
jbiomech.2016.12.005.

Edelstein J.E. and Chui K.K. (2019). Transfemoral prostheses. Orthot.
Prosthet. Rehabil., 635-653. 10.1016/B978-0-323-60913-5.00024-6.

El Habachi A., Moissenet F., Duprey S., Cheze L. and Dumas R. (2015).
Global sensitivity analysis of the joint kinematics during gait to the
parameters of a lower limb multi-body model. Med. Biol. Eng. Com-
put., 53(7), 655-667. 10.1007/S11517-015-1269-8.

Ferrari A., Benedetti M.G., Pavan E., Frigo C., Bettinelli D., Rabuffetti
M., et al. (2008). Quantitative comparison of five current pro-
tocols in gait analysis. Gait Posture, 28(2), 207-216. 10.1016/.
gaitpost.2007.11.009.

Fidelis O.P. and Arowolo A.P. (2023). Low-cost body-powered prosthesis
for transfemoral amputation. J. Med. Eng. Technol., 47(2), 147-152.
10.1080/03091902.2022.2134480.

Gallagher P. and MacLachlan M. (2001). Adjustment to an artificial
limb: a qualitative perspective. J. Health Psychol., 6(1), 85-100.
10.1177/135910530100600107.

Gallagher P. and MacLachlan M. (2002). Evaluating a written emotional
disclosure homework intervention for lower-limb amputees. Arch.
Phys. Med. Rehab., 83(10), 1464-1466. 10.1053/APMR.2002.34622.

Gariboldi F., Pasquarelli D. and Cutti A.G. (2022). Structural testing of low-
er-limb prosthetic sockets: a systematic review. Med. Eng. Phys., 99,
103742. 10.1016/j.medengphy.2021.103742.

Gariboldi F., Cutti A.G., Fatone S., Nickel E., Dickinson A., Steer J., et al.
(2023). Mechanical testing of transtibial prosthetic sockets: a dis-
cussion paper from the American Orthotic and Prosthetic Associa-
tion Socket Guidance Workgroup. Prosthet. Orthot. Int., 47(1), 3-12.
10.1097/PXR.0000000000000222.

Journal of Disability Research 2023



22

K. Alluhydan et al.:

Functionality and Comfort Design of Lower-Limb Prosthetics

Gasparutto X., Sancisi N., Jacquelin E., Parenti-Castelli V. and Dumas R.
(2015). Validation of a multi-body optimization with knee kinematic
models including ligament constraints. J. Biomech., 48(6), 1141-
1146. 10.1016/j.jbiomech.2015.01.010.

Gerschutz M.J., Haynes M.L., Nixon D.M. and Colvin J.M. (2011). Ten-
sile strength and impact resistance properties of materials used in
prosthetic check sockets, copolymer sockets, and definitive lam-
inated sockets. J. Rehabil. Res. Dev., 48(8), 987-1004. 10.1682/
JRRD.2010.10.0204.

Gerschutz M.J., Haynes M.L., Nixon D. and Colvin J.M. (2012). Strength
evaluation of prosthetic check sockets, copolymer sockets, and
definitive laminated sockets. J. Rehabil. Res. Dev., 49(3), 405-426.
10.1682/JRRD.2011.05.0091.

Gomez-Correa M. and Cruz-Ortiz D. (2022). Low-cost wearable band sen-
sors of surface electromyography for detecting hand movements.
Sensors, 22(16), 5931. 10.3390/S22165931.

Graebner R.H. and Current T.A. (2007). Relative strength of pylon-to-
socket attachment systems used in transtibial composite sockets. J.
Prosthet. Orthot., 19(3), 67-74. 10.1097/JPO.0BO13E3180CFE8DA.

Gubbala G.R. and Inala R. (2021). Design and development of patient-spe-
cific prosthetic socket for lower limb amputation. Mater. Sci. Eng.
Appl., 1(2), 32-42. 10.21595/msea.2021.22012.

Hall J.A. and Dornan M.C. (1990). Patient sociodemographic characteris-
tics as predictors of satisfaction with medical care: a meta-analysis.
Soc. Sci. Med., 30(7), 811-818. 10.1016/0277-9536(90)90205-7.

Highsmith M.J., Kahle J.T., Bongiorni D.R., Sutton B.S., Groer S. and Kau-
fman K.R. (2010). Safety, energy efficiency, and cost efficacy of the
C-Leg for transfemoral amputees: a review of the literature. Prosthet.
Orthot. Int., 34(4), 362-377. 10.3109/03093646.2010.520054.

Horgan O. and MacLachlan M. (2004). Psychosocial adjustment to low-
er-limb amputation: a review. Disabil. Rehabil., 26(14-15), 837-850.
10.1080/09638280410001708869.

Jackson J.L., Chamberlin J. and Kroenke K. (2001). Predictors of
patient satisfaction. Soc. Sci. Med., 52(4), 609-620. 10.1016/
S0277-9536(00)00164-7.

Jarvis H.L., Reeves N.D., Twiste M., Phillip R.D., Etherington J. and Ben-
nett A.N. (2021). Can high-functioning amputees with state-of-the-
art prosthetics walk normally? A kinematic and dynamic study of
40 individuals. Ann. Phys. Rehabil. Med., 64(1), 101395. 10.1016/].
rehab.2020.04.007.

Johannes M.S., Faulring E.L., Katyal K.D., Para M.P., Helder J.B., Makhlin
A., etal. (2019). The modular prosthetic limb. In Wearable Robotics:
Systems and Applications (Rosen J. and Ferguson P.W., eds.) pp. 393-
444. Acad. Press. 10.1016/B978-0-12-814659-0.00021-7.

Jonsson S., Caine-Winterberger K. and Branemark R. (2011). Osseointe-
gration amputation prostheses on the upper limbs: methods, pros-
thetics and rehabilitation. Prosthet. Orthot. Int., 35(2), 190-200.
10.1177/0309364611409003.

Kahle J.T., Highsmith M.J. and Hubbard S.L. (2008). Comparison of non-
microprocessor knee mechanism versus C-leg on prosthesis eval-
uation questionnaire, stumbles, falls, walking tests, stair descent,
and knee preference. J. Rehabil. Res. Dev., 45(1), 1-14. 10.1682/
JRRD.2007.04.0054.

Kauzlari¢ N., Kauzlari¢ K.S. and Kolundzi¢ R. (2007). Prosthetic
rehabilitation of persons with lower limb amputations due to
tumour: original article. Eur. J. Cancer Care, 16(3), 238-243.
10.1111/J.1365-2354.2006.00727.X.

Kobayashi T., Hisano G., Namiki Y., Hashizume S. and Hobara H.
(2020). Walking characteristics of runners with a transfemoral
or knee-disarticulation prosthesis. Clin. Biomech., 80. 10.1016/j.
clinbiomech.2020.105132.

Koh B.L., Reinbolt J.A., George A.D., Haftka R.T. and Fregly B.J. (2009).
Limitations of parallel global optimization for large-scale human
movement problems. Med. Eng. Phys., 31(5), 515-521. 10.1016/j.
medengphy.2008.09.010.

Kohler T.M., Blumentritt S., Braatz F. and Bellmann M. (2021). The impact
of transfemoral socket adduction on pelvic and trunk stabilization
during level walking—a biomechanical study. Gait Posture, 89, 169-
177. 10.1016/j.gaitpost.2021.06.024.

Leach J.K., Priola D.V., Grimes L.A. and Skipper B.J. (1999). Shortening
deactivation of cardiac muscle: physiological mechanisms and clini-
cal implications. J. Investig. Med., 47(8), 369-377.

Journal of Disability Research 2023

Leardini A., Belvedere C., Nardini F., Sancisi N., Conconi M. and Par-
enti-Castelli V. (2017). Kinematic models of lower limb joints for
musculo-skeletal modelling and optimization in gait analysis. J. Bio-
mech., 62, 77-86. 10.1016/J.JBIOMECH.2017.04.029.

Legro M.W., Reiber G.D., Smith D.G., Del Aguila M., Larsen J. and
Boone D. (1998). Prosthesis evaluation questionnaire for persons
with lower limb amputations: assessing prosthesis-related qual-
ity of life. Arch. Phys. Med. Rehabil., 79(8), 931-938. 10.1016/
S0003-9993(98)90090-9.

Lenhart R.L., Kaiser J., Smith C.R. and Thelen D.G. (2015). Prediction and
validation of load-dependent behavior of the tibiofemoral and patel-
lofemoral joints during movement. Ann. Biomed. Eng., 43(11), 2675-
2685. 10.1007/S10439-015-1326-3.

Li K., Zheng L., Tashman S. and Zhang X. (2012). The inaccuracy of sur-
face-measured model-derived tibiofemoral kinematics. J. Biomech.,
45(15),2719-2723. 10.1016/j.jbiomech.2012.08.007.

Livneh H., Antonak R.F. and Gerhardt J. (1999). Psychosocial adaptation
to amputation: the role of sociodemographic variables, disability-re-
lated factors and coping strategies. Int. J. Rehabil. Res., 22(1), 21-31.
10.1097/00004356-199903000-00003.

Lucchetti L., Cappozzo A., Cappello A. and Della Croce U. (1998). Skin
movement artefact assessment and compensation in the estimation
of knee-joint kinematics. J. Biomech., 31(11), 977-984. 10.1016/
$0021-9290(98)00083-9.

Marinopoulos T., Li S. and Silberschmidt V.V. (2022). Mechanical per-
formance of 3D printed prosthetic sockets: an experimental and
numerical study. Procedia Struct. Integr., 42, 903-910. 10.1016/j.
prostr.2022.12.114.

Ma Z., Lin J., Xu X., Ma Z., Tang L., Sun C,, et al. (2019). Design and
3D printing of adjustable modulus porous structures for customized
diabetic foot insoles. Int. J. Lightweight Mater. Manuf., 2(1), 57-63.

McFadyen B.J. and Winter D.A. (1988). An integrated biomechanical anal-
ysis of normal stair ascent and descent. J. Biomech., 21(9), 733-744.
10.1016/0021-9290(88)90282-5.

Mohamed O. and Appling H. (2019). Clinical assessment of gait. In:
Orthotics and Prosthetics in Rehabilitation pp. 102-143. 10.1016/
B978-0-323-60913-5.00005-2.

Noroozi S., Sewell P, Rahman, A.G.A., Vinney J., Chao O.Z. and Dyer B.
(2013). Modal analysis of composite prosthetic energy-storing-and-re-
turning feet: an initial investigation. Proc. Inst. Mech. Eng. Part P: J.
Sports Eng. Technol., 227(1), 39-48. 10.1177/1754337112439274.

Orendurff M.S., Segal A.D., Klute G.K., McDowell M.L., Pecoraro J.A.
and Czerniecki J.M. (2006). Gait efficiency using the C-leg. J. Reha-
bil. Res. Dev., 43(2), 239-246. 10.1682/JRRD.2005.06.0095.

Pei X., Wu L., Lei H., Zhou C., Fan H., Li Z., et al. (2021). Fabrication
of customized Ti6AI4V heterogeneous scaffolds with selective laser
melting: optimization of the architecture for orthopedic implant
applications. Acta Biomater., 126, 485-495.

Peters A., Galna B., Sangeux M., Morris M. and Baker R. (2010). Quan-
tification of soft tissue artifact in lower limb human motion anal-
ysis: a systematic review. Gait Posture, 31(1), 1-8. 10.1016/j.
gaitpost.2009.09.004.

Pezzin L.E., Dillingham T.R., MacKenzie E.J., Ephraim P. and Rossbach P.
(2004). Use and satisfaction with prosthetic limb devices and related
services. Arch. Phys. Med. Rehabil., 85(5), 723-729. 10.1016/J.
APMR.2003.06.002.

Pinhey S.R., Murata H., Hisano G., Ichimura D., Hobara H. and Major M.J.
(2022). Effects of walking speed and prosthetic knee control type on
external mechanical work in transfemoral prosthesis users. J. Bio-
mech., 134, 110984. 10.1016/j.jbiomech.2022.110984.

Quinlan J., Subramanian V., Yohay J., Poziembo B. and Fatone S. (2020a).
Using mechanical testing to assess texturing of prosthetic sockets to
improve suspension in the transverse plane and reduce rotation. PLoS
ONE, 15(6), €0233148. 10.1371/journal.pone.0233148.

Quinlan J., Yohay J., Subramanian V., Poziembo B. and Fatone S. (2020b).
Using mechanical testing to assess the effect of lower-limb pros-
thetic socket texturing on longitudinal suspension. PLoS ONE, 15(8),
€0237841. 10.1371/journal.pone.0237841.

Rai P, Jankiraman V., Teacher M., Velu R., Anand Kumar S., Binedell T.,
et al. (2022). Design and optimization of a 3D printed prosthetic
socket for transtibial amputees. Mater. Today: Proc., 70, 454-464.
10.1016/j.matpr.2022.09.365.



K. Alluhydan et al.: Functionality and Comfort Design of Lower-Limb Prosthetics

23

Ratnakar G.G. and Ramu I. (2021). Design and evolution of a prosthetic
socket for lower limb amputation to patient. Trends Biomater. Artif.
Organs, 35(3), 277-282.

Reinbolt J.A., Schutte J.F., Fregly B.J., Koh B.I., Haftka R.T., George A.D.,
et al. (2005). Determination of patient-specific multi-joint kinematic
models through two-level optimization. J. Biomech., 38(3), 621-626.
10.1016/j.jbiomech.2004.03.031.

Safari R. (2020). Lower limb prosthetic interfaces: clinical and technologi-
cal advancement and potential future direction. Prosthet. Orthot. Int.,
44(6), 384-401. 10.1177/0309364620969226.

Schmalz T., Blumentritt S. and Jarasch R. (2002). Energy expenditure and
biomechanical characteristics of lower limb amputee gait: the influ-
ence of prosthetic alignment and different prosthetic components.
Gait Posture, 16(3), 255-263. 10.1016/S0966-6362(02)00008-5.

Schmalz T., Blumentritt S. and Marx B. (2007). Biomechanical analysis of
stair ambulation in lower limb amputees. Gait Posture, 25(2), 267-
278. 10.1016/j.gaitpost.2006.04.008.

Seymour R., Engbretson B., Kott K., Ordway N., Brooks G., Crannell J.,
et al. (2007). Comparison between the C-leg® microprocessor-con-
trolled prosthetic knee and non-microprocessor control prosthetic
knees: a preliminary study of energy expenditure, obstacle course
performance, and quality of life survey. Prosthet. Orthot. Int., 31(1),
51-61. 10.1080/03093640600982255

Siddikali P. and Sreekanth P.S.R. (2020). Modeling of pneumatic controlled
bio mimetic articulated passive prosthetic spring loaded knee mech-
anism for transfemoral amputees. Mater. Today: Proc., 27, 829-834.
10.1016/j.matpr.2019.12.377.

Siddiqui M.LLH., Arifudin L., Alnaser I.LA. and Alluhydan K. (2023a).
Numerical investigation on the performance of prosthetic running
blades by using different materials. J. Disabil. Res., 2(1), 6-13.
10.57197/IDR-2023-0001

Siddiqui M.LLH., Arifudin L., Alnaser I.A., Hassan A. and Alluhydan, K.
(2023b). Static behavior of a prosthetic running blade made from
alloys and carbon fiber. J. Disabil. Res., 2(1), 63-74. 10.57197/
JDR-2023-0010.

Simon A.M., Fey N.P,, Ingraham K.A., Finucane S.B., Halsne E.G. and Har-
grove L.J. (2016). Improved weight-bearing symmetry for transfem-
oral amputees during standing up and sitting down with a powered
knee-ankle prosthesis. Arch. Phys. Med. Rehabil., 97(7), 1100-1106.
10.1016/j.apmr.2015.11.006.

Stagni R., Fantozzi S., Cappello A. and Leardini A. (2005). Quantification
of soft tissue artefact in motion analysis by combining 3D fluoros-
copy and stereophotogrammetry: a study on two subjects. Clin. Bio-
mech., 20(3), 320-329. 10.1016/j.clinbiomech.2004.11.012.

Stagni R., Fantozzi S. and Cappello A. (2009). Double calibration vs. global
optimisation: performance and effectiveness for clinical application.
Gait Posture, 29(1), 119-122. 10.1016/j.gaitpost.2008.07.008.

Steer J.W., Worsley PR., Browne M. and Dickinson A.S. (2020). Pre-
dictive prosthetic socket design: part 1—population-based eval-
uation of transtibial prosthetic sockets by FEA-driven surrogate
modelling. Biomech. Model. Mechanobiol., 19(4), 1331-1346.
10.1007/S10237-019-01195-5.

Sturma A., Stamm T., Hruby L.A., Bischof B., Salminger S., Gstoettner
C., et al. (2022). Rehabilitation of high upper limb amputees after
targeted muscle reinnervation. J. Hand Ther:, 35(1), 58-66. 10.1016/j.
jht.2020.10.002.

Talla H.K., Oleiwi J.K. and Hassan A.K.F. (2021). Performance of athletic
prosthetic feet made of various composite materials with PMMA
matrix: numerical and theoretical study. Rev. Compos. Mater. Av.,
31(4), 257-264. 10.18280/rcma.310410.

Tang J., Liu X., Liu Z. and Li W. (2023). Optimal design and 3D printing of
prosthetic socket based on the interface pressure between the socket
and residual limb. Prosthet. Orthot. Int., 47(1), 87-93. 10.1097/
PXR.0000000000000147.

Taylor M.B., Clark E., Offord E.A. and Baxter C. (1996). A comparison of
energy expenditure by a high level trans-femoral amputee using the
Intelligent Prosthesis and conventionally damped prosthetic limbs.
Prosthet. Orthot. Int., 20(2), 116-121. 10.3109/03093649609164428.

Van Der Stelt M., Verhulst A., Slump C.H., Papenburg M., Grobusch
M.P, Brouwers L., et al. (2023). Design and production of low-cost
3D-printed transtibial prosthetic sockets. J. Prosthet. Orthot., 35(1),
E30-E36. 10.1097/JP0O.0000000000000399.

Visquez AL and Pérez J.U. (2022). Conceptual design of an alignment
device for transfemoral prosthesis. Rev. Fac. Ing., 102, 108-114.
10.17533/udea.redin.20200805.

Wang M.H., Nong Q.J., Qian Y., Huang Y.H., Wang Y.H. and Yu H.L.
(2023). Design of adjustable frame-type prosthetic socket for lower
limb. IRBM, 44(1), 100731. 10.1016/.irbm.2022.07.002.

Wong C.K., Gibbs W. and Chen E.S. (2016). Use of the Houghton scale
to classify community and household walking ability in people with
lower-limb amputation: criterion-related validity. Arch. Phys. Med.
Rehab., 97(7), 1130-1136. 10.1016/J.APMR.2016.01.022.

Yu K.E., Perry B.N., Moran C.W., Armiger R.S., Johannes M.S., Hawkins
AL, etal. (2021). Clinical evaluation of the revolutionizing prosthetics
modular prosthetic limb system for upper extremity amputees. Sci.
Rep., 11(1), 954. 10.1038/S41598-020-79581-8.

Zhang T., Bai X., Liu, F. and Fan Y. (2019). Effect of prosthetic align-
ment on gait and biomechanical loading in individuals with trans-
femoral amputation: a preliminary study. Gait Posture, 71, 219-226.
10.1016/j.gaitpost.2019.04.026.

Zhang T., Bai X., Liu F, Ji R. and Fan Y. (2020). The effect of pros-
thetic alignment on hip and knee joint kinetics in individuals with
transfemoral amputation. Gait Posture, 76, 85-91. 10.1016/j.
gaitpost.2019.11.006.

Journal of Disability Research 2023



