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Abstract

Individuals using through-knee (TK) prostheses often face an increased risk of socket failure in various scenarios. This
vulnerability is influenced by several factors, including the material of the prosthetic socket and the prevailing stress
conditions. The primary objective of this study was to determine the optimal composite materials for TK prostheses,
specifically in the context of withstanding fatigue loading in Iragi rehabilitation centers catering to special-needs patients.
A practical investigation was undertaken to evaluate the composite materials utilized in the construction of TK prosthetic
sockets. These materials were categorized into three distinct groups: group A comprised three layers of perlon, followed
by three layers of carbon, and concluded with three more layers of perlon; group B consisted of three layers of perlon,
succeeded by three layers of fiberglass, and concluded with an additional three layers of perlon; and group C featured a
total of six layers of perlon. The performance of these groups was assessed through a battery of mechanical tests,
encompassing tensile, bending, and fatigue tests conducted in accordance with American Society for Testing and
Materials (ASTM) standards. Significantly, group A demonstrated the most favorable mechanical characteristics,
primarily attributable to the inclusion of three carbon layers and their intricate matrix configuration. In comparison to
groups B and C, the modulus of elasticity for group A increased by 42% and 93%, respectively, and its ultimate stress rose
by 21% and an impressive 319%. Consequently, the decision was made to fabricate the TK prosthetic socket using the
composite materials from group A. Furthermore, an assessment of socket pressure revealed elevated pressure
concentrations within the anterior and lateral regions of the TK prosthetic socket. In order to mitigate discomfort,
adjustments were made to the prosthetic legs, resulting in shorter stance phases, extended swing phases, reduced
propulsive power, and overall shorter, slower strides. This comprehensive analysis of the TK prosthesis contributes to the
refinement of socket fitting techniques and the development of patient-specific customizable sockets, guided by insights
derived from gait analysis and interface pressure assessment.
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1.Introduction

The ongoing battles in Iraq and Afghanistan resulted
to 1660 amputations as of January 31, 2015 [1],
where 75% are of lower extremity amputations [2].
The amputation level is determined by disease
severity. Below-knee (BK) amputation is used when
amputation goes beyond the ankle. The above-knee
(AK) amputation is often performed as a subsequent
surgery when there is a more proximal disease or
insignificant wound healing after the BK amputation.
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Through-knee (TK) amputation, in which the
amputation is performed on the joint line, has the
potential to be more advantageous than AK
amputation. The advantages include a weight-bearing
stump at the end, increased stability from the
preservation of the adductor muscle insertion [3],
simplified prosthetic device creation due to fewer
articulations [4], reducing the effort required to swing
a prosthetic limb when walking, as well as aiding
sitting balance and transition from bed to chair. In
addition, higher rehabilitative potential and enhanced
postoperative quality of life have been recorded [5].
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A prosthetic lower limb socket must be designed to
withstand the stresses that will be placed on the
prosthesis while walking. Additionally, the design
should be optimised to effectively transfer these
stresses to tissues with different stiffnesses, saving
stiffer tissues from excessive pressure and decreasing
undesired relative motion caused by soft tissue
compression. Instead of, as in the case of the AK
stump, necessitating load transfer to the pelvis
through the ischium and gluteal muscles, a healthy
TK stump can absorb the majority of the vertical
support load on the end-bearing surface. Since the
support point is almost in the same vertical line as the
gluteal, the toppling effect is comparable to use the
ischial and gluteal as supports. Thus, the lateral
stabilising force must be distal and the medial
proximal for the combined effects to function in the
same general location. In the design of the socket, the
application of these pressures is crucial. If the
socket's lateral wall is improperly configured to
transfer force, the force will be transferred as a shear
force in the tissue of the stump's end. Many different
approaches have been taken in fitting the knee
disarticulation prosthesis [6]. In terms of patient
outcomes, TK amputation surgical approaches are
improving infection, survival, morbidity, and
dehiscence rates [7, 8] and decreasing the reported
pain levels [6]. The condyles of the femur are then
used as a weight-bearing surface. The method of
suspension usually uses the supracondylar area. The
knee mechanisms always try to reduce the length of
the thigh in their positioning set-up. Knee
disarticulation enables direct weight transmission to
the remaining leg with improved walking mobility
and less energy usage than a transfemoral amputation
but greater than a transtibial amputation. Functional
replacement, necessary owing to knee joint loss,
provides the same difficulty as with AK amputation,
with greater hip control capability but restrictions in
the supply of mechanical devices in terms of stump
and prosthesis [9].

The TK prosthesis's biomechanics are thoroughly
described [3], i.e. understanding how gait deviations
and muscle actions interact to control forces and
lower socket-stump contact stresses. The tissue at the
stump end has been adapted for weight-bearing in the
kneeling posture. Hip muscles have the potential to
control forces via a lengthy lever arm and are mostly
intact and physiological. Greater stump length
implies lower socket-stump contact stresses,
compared to the AK prosthesis. The higher stump
length increases the coupling arm between the
summated force effects, lowering their amplitude and
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pressure. The biomechanical evaluation of the lower
limb residuum/socket interface may aid with socket
fit by assessing lower limb prosthesis interface
kinematics and Kkinetics. Walking speed had an
impact on the vertical and horizontal shear forces.
Compared to self-selected speed, the vertical and
horizontal shear forces were decreased by 5% and
33%, respectively, at rapid speed. At a slow speed,
the vertical and horizontal shear forces increased by
7% and 17%, respectively [10].

Lower limb prosthetic sockets have to provide
sufficient circumferential forces for the patient to
comfortably bear weight, stand, and walk. The easiest
way to assess prosthetic socket comfort is to ask the
patient how they feel about their prosthetic socket.
However, physicians must be assured that the
specified uniform socket pressures will be distributed
as evenly as feasible after the patient leaves the clinic
to provide long-term comfort.

Prosthetic ~ socket  materials have changed
significantly throughout time, moving from wood,
leather, aluminium, and plastic to plastic and other
synthetic materials. A wide range of composite and
reinforcing materials are used in thermosetting.
Carbon fibre, nylon-glass, polyester, and glass fibre
are among the composite materials that are rising in
popularity globally [11]. Because they combine
outstanding characteristics of each distinct material,
composites perform better than their constituent parts
and may be utilised to make prostheses for amputees
and the handicapped [12]. Furthermore, it has been
revealed that the kind and quantity of reinforcement
layers affected the mechanical characteristics of the
prosthetic socket [13].

There are many challenges related to the design and
manufacturing of TK prostheses: including the
prosthetic socket's material and subsequent fatigue
and stress conditions. Despite the enormous range of
biomaterials accessible, humans continue to
experience prosthesis-related challenges [14, 15], i.e.
a challenging issue requires adequate skills.
Numerous strategies have been proposed in the
literature to address the challenges of material
selection and enhance the efficiency of the design
process [16, 17]. The other problem is to endure the
stresses and the corresponding pain during walking.
Therefore, the aim of this study is to identify the best
composite materials for TK prostheses to withstand
fatigue loading in Iragi rehabilitation centres for
special-needs patients. In particular, the objective of
this research is to find the optimum composite
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materials as well as to offer a critical evaluation of
the functions of the TK prosthetic units, their levels
of mobility, kinetics, and gait. Moreover, to verify
sufficient socket pressure, F-socket was used to
measure residual limb socket pressures during
walking.

The present paper is structured in the following
manner. The literature review is provided in section
2. The methodology, which involves the preparation
of materials for testing and the measurement
protocol, is explained in section 3. The findings
presented in section 4 are accompanied by a
comprehensive analysis and interpretation. The
subsequent sections, namely section 5, provide a
detailed discussion of the results and outline the
study's limits, respectively. The conclusions of this
investigation are summarised in section 6.

2.Literature review

Prosthetic socket materials have been traditionally
authorised. Jweeg et al. [18] conducted theoretical
and  experimental research on  composite
reinforcement fibres. Unidirectional fibres have a
higher modulus of elasticity (E) than woven varieties
in the transverse direction. Takhakh et al. [19]
developed composite tensile and fatigue testing. They
utilised 12 layers of perlon, 2 carbon fibres, and 10
without. Experimental and finite element approach
findings agreed well. For the first lamination, they
proposed 3.032 and for the second, 1.7578. On the
other hand, Chiad [20] introduced two kinds of
laminations (4perlon + 2 carbon fibres + 4perlon) for
lower limb prostheses. He stressed effect. Good
impact qualities in the second lamination scheme
compared to the first offer confidence in absorbing
impact loads and may be utilised to make durable
lower limb prostheses. In line with these results, the
best laminated composite specimens, as tested by
[21], were 3 layers of Jute and 4 of carbon fibre.
Tensile strength and E exceeded 162 MPa and 3.60
GPa, respectively. Scanning electron microscopy
(SEM) observations imply a brittle to semi-ductile
transition as the broken surface becomes smoother.
Muhammed [22] investigated the mechanical
properties of hybrid composite materials comprised
of fibreglass, carbon fibre, perlon, and epoxy resin.
This lamination is examined for fatigue and tensile
strength. The results indicate that when the number of
perlon layers was increased to 11, E improved by
44%, but tensile strength decreased by 22%. A study
has been conducted to determine the tensile strength
of carbon-fibre laminates with varying numbers of
laminations [23]. Due to the increase in carbon-fibre
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layers in subsequent samples, carbon-fibre laminate
tensile strength improved. A 10-layer carbon fibre
specimen showed 576.079 N/mm? tensile strength.
Second, increasing the loading rate from 2 mm/min
to 5 mm/min during tensile testing of constructed
samples increases deformation.

Abbas and Kubba [24] investigated three laminated
composite material groupings including perlon, glass
fibre, and carbon fibre reinforced the 80:20
composite material matrix. These three groups were
tested for mechanical characteristics. ANSY'S utilised
tensile and fatigue test data from the socket
composite material. These mechanical property
testing yielded: using only perlon reinforcement; the
properties are yielding strength =33:6MPa, ultimate
tensile strength =35:6MPa, and E = 1:03GPa; using
(3perlon +2carbon fibre +3perlon) layers, the
properties were 65:5MPa, ultimate tensile strength
=92:5MPaq, and E = 1:99GPa; and using (3perlon + 2
glass fibre + 3perlon) layers, the results were 40MPa,
46:6MPa, and 1:4 GPa. The computed safety factor
for a prosthesis manufactured from a composite
material with three layers (3 Perlon+2 carbon fiber+3
perlon) is 1.037, making it safe for design prosthetic
applications. Socket failure may occur after TK
amputation. Therefore a study [25] recommends
composite materials to improve prosthetic socket
comfort. Using the F-socket test, the stump-socket
interface pressure (IP) was calculated. ANSYS used
experimental and theoretical IP data and geometry to
calculate von-mises stresses and safety factors. Von-
Mies stress is 15.42 MPa for the suggested
composite. The revo fit solution with the socket was
studied to enhance suspension and reduce socket
weight [26]. Through theoretical and experimental
findings, it was discovered that utilising carbon
fibres, with their arrangement within the structure,
improved the ultimate tensile strength and E [27-29].
Due to its durability being greater than that of perlon
fibre, the impact resistance was also increased.

Bombek proposed systematic lamination process
improvements to improve composite material quality
[30]. They aimed to enhance resin impregnation and
eliminate gaps between and inside fibres. The
existing material (B) was compared to three newly
constructed materials that changed the lamination
process: B1, with an infusion spiral tube; B2, with
resin degassed; and B3, with mesh and peel ply. Lab
tests determined  specimen  strength.  After
normalising for specimen thickness, the current
material exhibited the maximum bending strength, on
average. B1 and B2 have lower tensile strengths than
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B (p < 0.001). Due to the increased average specimen
thickness, Material B3 had the lowest average tensile
strength but could not be statistically differentiated
from the others. Only B1, B2, and B3 were evaluated
for compressive strength. Their averages did not vary
statistically (p = 0.291).

Faheed et al. [31] tested resin polymers and natural
fibres to find an optimal combination. Stockinet-
woven sockets were used for testing. Different fibre
stacking  sequences affected volumetric and
mechanical properties. Mechanical tensile tests were
utilised to evaluate laminated specimens' strength, E,
and % of elongation. The best composite specimens
contained three sisal layers and two carbon fibre
layers, with tensile strength and E of (261-4760)
MPa, respectively. The contours of safety factor,
equivalent von-mises stress, equivalent von-mises
strain, and total deformation were anatomised using
the finite element technique. Ten socket models,
which were three-dimensional (3D) structural
composite materials, were used to complete this
technique. Results show that the variation in the
material of the socket has a significant impact on its
tensile strength and modulus of elasticity. This can be
observed through the (strength/density) ratio, E, and
ultimate tensile strength of the stacking arrangement
consisting of 4 perlon, 3 sisal, and 2 carbon fibre. In
this arrangement, the tensile strength and E reach
values of 261 MPa and 4.76 GPa, respectively. This
research shows that bio-composites with improved
performance may be made by combining natural and
synthetic reinforcements.

The lightness of the prosthesis allows additional
prosthesis improvement segments to be inserted
without affecting function. In this area, Zaier and
Resan [32] examined how the modified shank
affected the patient's stride and its mechanical
qualities. They used solid work to design and analyse
the shank, which was 3D printed. Acrylonitrile
butadiene styrene (ABS) and polylactic acid (PLA)
are utilised for constructing shanks. Then a specific
gadget was designed to test the new shank's life under
alternating stress. After practical and numerical
testing, the new shank's mechanical properties were
satisfactory, matching prosthetic limb criteria.

Researchers have used 3D printing and computer-
aided design (CAD)/computer-aided manufacturing
(CAM); CAD/CAM to make prosthetic sockets for
over 30 years. Additive manufacturing (AM) is
chosen for CAD-designed prosthetic sockets because
it can manage residual limbs' intricate morphologies
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[33]. Novel topologies may produce fully integrated
monocoque prosthetic sockets using AM technology
[34]. Despite its popularity, printing materials are too
strong for therapeutic application [35]. Polymers
strengthened AM prosthetic sockets. AM-printed
items may be strengthened by fill compositing [8]
and direct printing of sandwich structure composites
[36]. These results propose using vacuum infiltrated
fill compositing and printed sandwich structure
combinations to improve AM printed prosthetic
socket mechanical properties. Improving the
mechanical performance of these AM materials may
help prosthetic clinics adopt digital technology and
its advantages faster. Several studies revealed
International Orga nisation for Standardisation (ISO)
load-compliant AM polymeric materials [37, 38].
Fused deposition modelling (FDM) prosthetic socket
printing became possible. Static testing failed these
sockets horribly. Most fractures were circumferential
brittle. These scholars advocated for new material
research to meet unmet needs. A study has shown
that AM sockets break brittlely at this juncture before
final fatigue strength [39]. On the other hand,
vacuum-infiltrated sandwich structure composite AM
prosthetic sockets seem promising. American society
for testing and materials (ASTM D638), standard test
method for tensile properties, tests 18 composite
material combinations [40]. Vacuum infiltration was
used to make these composites. Material-matrix-print
composites outperformed full-infill control samples
in ultimate tensile strength and anisotropy. Porosity
makes these composites mechanically weak. Hoover
infiltration constructed a proof-of-concept prosthetic
socket.

By using finite element analysis, research has
examined how liner and soft tissue material qualities
affect stress distribution [41]. When peak normal and
shear stresses were examined, liner-soft tissue
interface alterations were prevalent. Urethane and
thermoplastic elastomer (TPE) had lower peak values
than silicone, even in standing and mid-stance. The
stump's internal stress distribution yielded the most
intriguing soft tissue material property changes.
Stiffer residual limbs had higher stress values, even
though material qualities did not alter soft tissue
stress distribution.

Another point should be taken into consideration is
"Normal gait". Many prosthetics and patients accept a
"good enough gait" that balances comfort, patient
preferences, and performance. A 3D-printed porous
shank design and fabrication was investigated [42].
The new shank's influence on the patient's gait
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analysis and its mechanical qualities were evaluated.
Researchers examined the foot anatomy to enhance
fatigue and mechanical qualities of foot materials. As
walking speed increases, the ground reaction force
(GRF) triples, making it difficult to choose prosthetic
limb components for active young people who run,
push carts, and more. Therefore many researches
utilised various reinforcing fibre to enhance foot
strength and fatigue [43, 44]. This study examined
how walking speed affects a novel BK prosthetic
shank. Tang et al. [10] employed kinetics and
kinematics to evaluate a socket interface
biomechanics platform. The method uses an interface
sensor to detect multi-directional stresses. A 3D
motion capture system examined the interface
coupling motion. The evaluation platform was
similarly responsive to walking speed. A combined
biomechanical evaluation platform for the
residuum/socket interface based on socket movement
and interface stresses may help with the socket fitting
procedure and create patient-specific adjustable
sockets and fully integrated limb systems.

Prosthetic gait training for lower limb amputation
patients requires monitoring gait change to create and
alter rehabilitation protocols. A research examined
spatiotemporal  characteristics and lower limb
coordination in unilateral transfemoral amputees
(TFASs) during prosthetic gait training [45]. TFAs
underwent 12-week prosthetic gait training and 3D
motion analysis every two weeks. Spatiotemporal
characteristics and hip-knee joint phase were
assessed. The continuous relative phase was most
symmetric at week 8 and walking speed improved
greatest at week 4. TFAs had a higher in-phase lower
limb coordination pattern and reduced coordination
variability than controls. TFAs' lower limb
coordination changed slower than spatiotemporal
characteristics and was statistically different from
controls even after training. TFAs require therapy
interventions to enhance lower limb coordination,
which affects walking efficiency, balance, and fall
risk.

Rasheed et al. [46] opened research questions
surrounding the prosthetic knee unit, kinematics, gait
assessments, and  control  frameworks  for
transfemoral prosthetic legs. As a means of filling in
knowledge gaps and improving current prostheses,
ambulation exercises, flat-ground walking, jogging,
and walking uphill are all taken into account.

In general, prosthetics are still considered a cutting-
edge scientific development. AK and BK prosthetic
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socket design and production are widely documented
in the literature. However, research on TK prosthesis
is still limited, and there is a general deficiency in
this field. Accordingly, this study identifies the best
composite materials for TK prostheses to withstand
fatigue loading in Iragi rehabilitation centres for
special-needs patients.

3.Materials and methods

The experimental data was collected at Al-Nahrain
University's Department of Prosthetics and Orthotics
Engineering. The experimental procedure of this
study included the following three stages in
sequential order:

Stage 1: The tensile, bending and fatigue properties
of three laminated composite material groups have
been tested. Subsequently, based on the findings of
these properties, the best option among the three
tested groups was selected to manufacture the socket
for TK prosthesis.

Stage 2: The IP between the wall of the socket and
the stump at the four sides of the stump were tested
using F- socket.

Stage 3: Gait analysis was evaluated on the prosthetic
and sound legs. Moreover, spatiotemporal gait
parameters were reported as well.

3.1Participant

A 30-year male individual who had a transtibial
amputation of his right leg performed 5 years prior
(due to an accident) participated in this study.
Detailed characteristics of the prosthetic limb used by
the amputee subject are presented in Table 1.

Other than limb amputation, the participant had no
present or prior phantom limb discomfort or
neurological or muscle health issues. He was
recruited from (Baghdad artificial limbs centre), and
before participating in the study, for which Al-
Nahrain University's Internal Review Board granted
approval, the participant provided written informed
consent.

Table 1Demographic features of the participant

Variable Amputee Subject’s Data
Age (year) 30

Height (m) 1.80

Body weight (kg) 95

Body mass index (kg/m?)  29.3

Duration of amputation

5 years
(year)
Prosthetic type Through knee prosthesis
Amputated leg Right leg

Car accident (severe

Cause of amputation e
traumatic injury)
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3.2Materials

The materials that are used in the process of
manufacturing prosthetics and orthotics, such as
white perlon, carbon fibre I, acrylic resin, and
hardening powder, with inner and outer elastic
polyvinyl acetate (PVA).

3.3Equipment

» A mould made of gypsum that is used for the
manufacture of samples, the manufacture of the
prosthesis.

» The system for releasing pressure and trapped air,
which consists of a motor and a holder to hold the
gypsum mould.

» Mechanical workshops for manufacturing, cutting
and assembling samples, as well as assembling the
components of the prosthetic limb.

» Apparatus for testing tensile samples and fatigue
samples.

» Analyse the patient’s gait cycle using a gait
analyser (force plate).

» F-socket for calculating the overlapping or
confined pressure prosthetics socket.

3.4Materials preparation for testing

The gypsum material is used as a mould to create
composite material samples. To avoid the creation of
bubbles within the samples, they are securely fixed
and tied to pressure vacuum equipment, and the
connection is created using pipes.

PVA material is placed to cover and release the resin
to the gypsum mould. Pressure pipe wrench at a
pressure of 40 kPa. The nine layers of carbon fibre I
were added, then, an outer layer of PVA was placed.

Layers of the composite materials

1

1

1

1

1

Group B _PHID’J 1

Laminated compost 1ba(g1ass‘| ‘ Bending test

material groups Perlon :
1

1

1

The prepared samples

1
Group C %P’eﬂon ‘: » Bending test
= 1 : Fatigue test
1
1

This method used to manufacture samples uses the
same for fibre of perlon and glass fibre layers. A 400
to 500ml of 80:20 resin was mixed with hardener and
put on the layers of composite materials. Therefore,
samples were prepared for the standardised
mechanical tests, including tensile, flexural, and
fatigue.

The laminated composite material were cut according
to the standard of ASTM638— standard test method
for tensile properties [47] to create samples for
tensile strength. The flexural bending test was carried
out based the standard, American society for testing
and materials—standard test method for flexural
bending (ASTM D790) [48]. Eight samples of
composite materials were used for each group to
perform the fatigue test. The composite material with
the most favourable mechanical characteristics, as
determined by the mechanical testing conducted in
this study, was selected for the production of the
prosthetic socket. The manufacturing process for the
samples was replicated to ensure consistency. The
pressure exerted between the socket and the stump
was measured using the F-Socket sensor. The
pressure was quantified by positioning the sensors on
four distinct areas of the remaining limb, namely the
anterior, lateral, posterior, and medial portions. The
aforementioned forces are generated as a result of the
patient's walking.

As a summary, three laminated composite material
groups' tensile, bending, and fatigue characteristics
were evaluated, as shown in Figure 1. Based on these
features, the socket for TK prosthesis was made from
the best of the three evaluated groups.

Mechanical testing

1
Group A PHID“‘ ! Tensile test
erlon Fatigue test
1

Tensile test

Fatigue test

Tensile test

Figure 1Three laminated composite material groups were examined for tensile, bending, and fatigue characteristics

3.5Measurement protocol
Following selecting the optimum composite materials
for TK prostheses to withstand fatigue loading and
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successfully fitting of the prosthesis, the individual
completed a 5-minute walking trial. An F-socket was
attached to the residual limb of an amputee. Sensor
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data in kilopascals (kPa) were captured in real time.
The participant was asked to walk on a force plate at
his self-selected walking speed. Meanwhile, peak
pressure was measured within a step. During walking
on the force plate, the GRF for the prosthetic and the
sound legs was recorded, and the corresponding
spatiotemporal gait parameters were measured.
Finally, the symmetry index (SI) was calculated to
compare the dynamic performance between the
prosthetic and the sound legs.

3.6Gait analysis

This step is aimed to evaluate the spatiotemporal gait
parameters of the prosthetic and the sound legs. The
participant had been instructed to walk over a 6-
meter path at his walking pace. A force platform
(Tekscan) was used to capture the GRF. From heel
strike until toe-off, the GRF was measured by a force
plate and characterised the stance phase. The GRF’s
was normalised to each gait cycle stance phase, i.e. it
was converted to a percentage of the subject’s
weight.

3.7Symmetry index(SI)

As demonstrated in Equation 1, the asymmetries in
gait characteristics were measured using a SlI
expression, which was developed by Robinson et al.
[49].

_ (Xp—Xg)

Sl = s Xpixe) x 100% (1)
Where,

Xp is the prosthetic leg's gait variable.

Table 2 Tensile test characteristics for each group

X, is the sound leg's gait variable.

A zero value for SI means that the variables X, and
Xs have no difference. In actuality, this means that
the individual variable has ideal gait symmetry. A
positive Sl finding indicates that X, > X , whereas
a negative number shows the opposite.

3.8Statistical analysis

The statistical packages for social science (SPSS,
Version 26, IBM) were used for the statistical
analysis. Statistical tests of normality, namely
Kolmogorov-Smirnov and Shapiro-Wilk, were used.
These showed that the data were normally
distributed, and therefore, a parametric test, analysis
of variance (ANOVA), was performed to compare
between groups and t-test was performed to compare
between the prosthetic and sound legs, using a
significance level of 5%.

4.Results

4.1Tensile test

Table 2 displays the tensile test findings for the three
group. Significant differences between groups were
observed. The stress strain pattern for each group was
illustrated in Figure 2. On the basis of these findings,
the mechanical properties of each group involved in
prosthesis’s manufacturing were determined. Table 2
shows the effect of increasing or decreasing the
materials layer or increasing the amount of acrylic for
each of the carbon fibres and glass fibres on the
mechanical properties.

Laminations No. of layers Thickness (mm) 6, (MPa) 6, (Mpa) E (GPa)
Group A 9 2.8 1232° 155 2P 1.99 2P
Group B 9 2.6 90 &° 128 2°¢ 1.42°
Group C 6 2.3 33 37 1.03

Group A (3 layers of perlon fibre, 3 layers of carbon, 3 layers of perlon fibre); Group B (3 layers of perlon fibre, 3 layers of fiberglass, 3 layers of perlon fibre); Group
C of six-layers of perlon only. ® significant between A and B groups (P<0.05). ° significant between A and C groups (P<0.05). ° significant between B and C groups

(P<0.05).

=@ Group A == Group B

200

Group C

[y
D
o

N
o

Stress MPa
S

[e0) N

o o
4§

o
~

0 2 4
Strain %

Figure 2 Stress-strain curves
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4.2Point load bending properties
The results of the bending test represented the
bending stress and modulus. The stress test results

were obtained from the stress deformation curves
shown in Figure 3.

—— Group A —— Group B Group C
200
150
g
% 50 * ¢ o
) M
0 s : T T T T T T T ]
0 2 4 6 8 10 12 14 16 18

Deflection (mm)
Figure 3 A plot of stress versus deflection

4.3Fatigue test

The fatigue results are shown in the following Figure
4, where the stress and strain diagram for each of the
samples shows for all the groups used in this work.

When the temperature is held constant, it was
discovered that increasing the number of cycles used
to achieve the failure stress of the samples led to a
drop in the failure stress rate of the samples.

——Group A —o— Group B Group C

200

160
< 120
o
E 80 N
[ %]
g N
&H 40

0 ! T T T )
0 300000 600000 900000 1200000

No of cycle to failure
Figure 4 A plot of stress versus no of cycle to failure

4.4Gait cycle

Tables 3 and 4 include information on the patient's
gait cycle analysis. Asymmetric gait after unilateral
TK prosthesis is shown by shorter stance and longer
swing phases for the prosthetic limb than sound leg
and reduced prosthetic leg propulsion power. The
prosthetic leg has a shorter step length than the sound
leg. The prosthetic limb has shorter stride length and

Table 3 Temporal parameters of the gait cycle (s)

velocity. The sound leg had a longer stance phase
than the prosthetic leg. No significant differences,
between the prosthetic and sound legs were observed
in gait-time, time of initial double support, time of
passive propulsion, step-time, stride- time, step-
width, and foot-angle suggested that these outcome
measures were not the most sensitive methods to
differentiate between the prosthetic and sound legs.

Si Prosthetic leg Sound leg Variable

0 1.24 1.24 Gait-time

-6 0.79 ¥ 0.84 Stance-time

12 0.45 ¥ 0.40 Swing-time

-5 0.40 0.42 Single support-time

0 0.20 0.20 Time of initial double support
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Si Prosthetic leg Sound leg Variable

5 0.21 0.20 Time of terminal double
support

0 0.45 0.45 Time of total double support

67 0.24 0.12 Time of mid stance

-23 0.38 0.48 Time of propulsion

-46 0.15 0.24 Time of active propulsion

-5 0.20 0.21 Time of passive propulsion

+ Significant differences between prosthetic and sound legs (P<0.05).

Table 4 Spatiotemporal gait parameters

Si Prosthetic leg Sound leg Variable

0 0.66 0.66 Step-time (s)

-21 0.447 1 0.554 Step-length (m)

-21 0.677 0.84 Step-velocity (m/s)

0 0.12 0.12 Step-width (m)

-1 1.26 1.27 Stride- time (s)

-6 0.956 1.015 Stride-length (m)

-5 0.758 1 0.800 Stride-velocity (m/s)

9 627.44 1 576.17 RMS Force (N)

19 375.39 310.89 Impulse (N*s)

29 267 T 200 RMS pressure (kPa)

0 2 2 Foot-angle (degree)

+ Significant differences between prosthetic and sound legs (P<0.05)

4.5Interference pressure (I1P)

The pressure generated as a result of the muscles of
the amputee patient and applied to the inner surface
of the wall of the prosthesis is calculated and
measured using a special type of sensor, which is in
the form of a sensory strip that extends along the
length of the stump. This sensor is placed in specific
areas of the stump, the outer front and the inner back,

Table 5 Prosthetic socket IP values

and their results are shown in Figure 5 to Figure 8.
Table 5 shows the results of the pressure distribution
for each region sockets. The pressure was determined
in four locations of the residuum, i.e., the anterior
socket-region, posterior socket-region, medial socket-
region, lateral socket-region. The anterior and lateral
socket-regions creating a significantly higher IP
compared to the posterior and medial socket-regions.

Socket regions Anterior-region

Lateral-region

Posterior-region Medial-region

IP (KPa) 495 1 427 1 384 351
Pressure vs. Time
600§
500+ l
5‘ 400+
% 3001+ _ j'
& | 2004 | \J g’ % J | i‘ I
w0 AT
W 10 ) o 30 p
Time, Seconds

Figure 5 IP at the anterior socket-region
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Figure 6 IP at the posterior socket-region

Figure 7 IP at the lateral socket-region

Figure 8 IP at the medial socket-region

5.Discussion

The key finding of this study is that the optimal
evaluated composite  material's  outperformed
performance is primarily due to the three-carbon
layers and their matrix configuration. How do the
layers’ increase, leading to increases in 6y, and Gult.
Results obtained from the tensile test of these
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materials used in the manufacture of the prosthesis in
this research showed 123, 90, and 33 MPa for group
A, group B, and group C, respectively. This means
that it has good mechanical strength compared to the
mechanical properties of polypropylene (43 MPa
max), where it is usually used in a socket prosthesis
or orthosis. Compared to previous studies, the
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suggested composite material (group A) has a greater
mechanical performance. The ultimate stress in this
study is 123 MPa, compared to 36-55 MPa [19] and
47-54.7 MPa [20]. This rise is mostly due to 3 layers
of carbon and the matrix's carbon layer structure.
Furthermore, it was found that the failure stress rate
of the samples decreases by increasing the cycle’s
number to reach the failure stress of the samples
when the temperature is fixed. Fatigue tests show the
recommended composite material (group A)
improves stress endurance by about 750%. This was
owing to carbon fiber's mechanical characteristics
being better than polypropylene's.

Between the prosthetic and sound legs, there are
bilateral disparities in time duration and metrics of
distance including stance and swing timings and
length’s step. These modifications might be a
consequence of a significant mechanical difference
between the prosthesis and unaffected sides, most
notably the inability to actively create ankle power.
Consequently, gait analysis reveals both GRF and
spatiotemporal gait characteristics asymmetries.

Gait following unilateral TK prosthesis is
asymmetric, as demonstrated by significant shorter
stance and longer swing phases for the prosthetic
than sound leg followed by a decreased prosthetic leg
propulsion force. Step length was significantly
reduced on the prosthetic leg compared to the sound
leg (0.447 m vs. 0.554 m), where the sound step
length is the distance between the sound and
subsequent prosthetic foot implantation locations.
Stride length and velocity were significantly lower
for the prosthetic leg (0.956 m; 0.758 m/s) than for
the sound leg (1.015 m; 0.800 m/s), respectively.
Stance phase duration on the sound leg (68% of the
gait cycle) was longer than on the prosthetic leg (64%
of the gait cycle). Early toe-off has been examined as
a consequence of asymmetric stride lengths,
hypothesising that the absence of prosthetic
plantarflexion causes the toe to depart the ground
quicker than a normal leg [50].

In agreement with [51], TK prosthesis is related to
slower walking speeds and less independence in
transfers, walking, and stair climbing. The prosthetic
leg walked slower than the sound leg (1.26 m/s vs
1.43 m/s). The limb shifts from shock absorption to
stability during the mid-stance valley stage of GRF.
In comparison to the sound side, the decrease in mid-
stance time on the prosthetic side is most likely due
to reduced offloading, i.e. the prosthetic limb
contributed less to single-leg support body weight.
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Tang et al. [10] demonstrated that increasing walking
pace has been linked with a reduction in vertical
force at the mid-stance period (about 30% of the gait
cycle). This might be explained by higher vertical
displacement of the body's centre of mass, which is
related to increased walking speed [52]. Indeed,
increasing the vertical mobility of the centre of mass
is a way of conserving metabolic energy [53].

The symmetrical indices in this research revealed that
the gait variables exhibited asymmetrical values, such
as more than 67 % and 46 % of the Sl for the time of
mid-stance and time of active propulsion,
respectively. Both pressure and impulse exhibited
high asymmetries among the other parameters. The
word "impulse” refers to the amount of GRF
absorbed by the body during stance, and injury risks
increase as the body absorbs more energy in a shorter
period of time.

It was discovered that the evaluation platform was
sensitive to variations in spatiotemporal gait
parameters. An integrated biomechanical evaluation
platform for the residuum/socket interface that takes
into account both socket movement and interface
stresses may help with socket fitting as well as the
creation of fully integrated limb systems and patient-
specific adjustable sockets.

F-socket was used to validate the homogeneity of
prosthetic socket fit for prosthetic construction
procedures. In Table 5, through this test, it was
noticed that the highest value of the pressure applied
to the inner surface of the socket was on the front
side, which is agreed with [20, 25], and amounted to
495 MPa, and also on the side of the socket and was
at the amount of 427 MPa. The amount of pressure
applied to the artificial stump was the result of
muscle activity in these areas of the stump and was
clearly visible when the patient walked. Residual
limb pressure was successfully measured using F-
socket, with the anterior and lateral regions having
considerably higher peak pressure.

5.1Limitations

This research does come with certain limitations.
Notably, marker-based kinematics were not taken
into consideration. The principal aim of the study was
to juxtapose the spatiotemporal and kinetic walking
characteristics of the prosthetic and intact legs.
However, it's worth noting that the placement of
markers on the prosthetic knee and ankle locations,
mirroring those on the intact side, could potentially
influence joint centers. Consequently, the kinematic
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analysis might not have fully accounted for
performance discrepancies in the prosthetic limb.

Furthermore, the pressure measurements were solely
conducted during laboratory walking sessions, which
could lead to variable socket pressures. It's worth
considering that these sensors might eventually offer
comprehensive prosthetic socket pressure
measurements during real-world, unconstrained
activities. Another aspect to acknowledge is the
absence of recorded comments from the prosthetics'
users regarding their experiences with the system.
This unavailability of user feedback might limit the
broader understanding of the prosthetic system's
performance and user satisfaction.

A complete list of abbreviations is shown in
Appendix I.

6.Conclusion

The tensile test results for the materials employed in
the construction of the prosthesis in this study
demonstrated values of 123 MPa, 90 MPa, and 33
MPa for group A, group B, and group C,
respectively.  This signifies a commendable
mechanical strength in comparison to the typical
mechanical properties of polypropylene (which
maxes out at 43 MPa), a material commonly used for
socket prostheses and orthoses. The endurance of the
carbon fiber composite exhibited a remarkable
increase of 750%, boasting superior mechanical
attributes when juxtaposed with polypropylene.
Successful measurement of residual limb pressure
was carried out, revealing that the anterior and lateral
regions both displayed significantly higher combined
mean peak pressures in contrast to the posterior and
medial regions, respectively. Notably, the highest-
pressure value, reaching 495 kPa, was recorded on
the frontal side of the amputation during both heel
strike and toe-off phases. Secondary adjustments
were made to the prosthetic legs in order to alleviate
discomfort. These adjustments translated into shorter
stance phases and longer swing phases in comparison
to the sound legs, as well as reduced propulsive
power and overall shorter, slower strides. Such a
comprehensive evaluation of the TK prosthesis holds
the potential to facilitate improved socket fitting
procedures and the creation of patient-specific
customizable sockets, driven by insights gleaned
from gait analysis and IP assessments.

Acknowledgment
None.

1074

Conflicts of interest
The authors have no conflicts of interest to declare.

Author’s contribution statement

Muhammed Abdul Sattar: Contributed to the
conceptualization and writing of the original draft. Aseel
Ghazwan: Contributed to the verification and
visualization, analysis of experimental results, writing
reviews and editing. Saif M. Abbas: Contributed to
conducting experiments and investigation.

References

[1] Fischer H. US military casualty statistics: operation
new dawn, operation Iraqi freedom, and operation
enduring freedom. Washington, DC: Congressional
Research Service; 2013.

[2] Potter BK, Scoville CR. Amputation is not isolated: an
overview of the US Army amputee patient care
program and associated amputee injuries. JAAOS-
Journal of the American Academy of Orthopaedic
Surgeons. 2006; 14(10):5188-90.

[3] Hughes J. Biomechanics of the through-knee
prosthesis. Prosthetics and Orthotics International.
1983; 7(2):96-9.

[4] Pinzur MS, Gold J, Schwartz D, Gross N. Energy
demands for walking in dysvascular amputees as
related to the level of amputation. Orthopedics. 1992;
15(9):1033-7.

[5] Penn-barwell JG. Outcomes in lower limb amputation
following trauma: a systematic review and meta-
analysis. Injury. 2011; 42(12):1474-9.

[6] Panhelleux B, Shalhoub J, Silverman AK, Mcgregor
AH. A review of through-knee amputation. Vascular.
2022; 30(6):1149-59.

[7] Lim S, Javorski MJ, Halandras PM, Aulivola B,
Crisostomo PR. Through-knee amputation is a feasible
alternative to above-knee amputation. Journal of
Vascular Surgery. 2018; 68(1):197-203.

[8] Nijmeijer R, Voesten HG, Geertzen JH, Dijkstra PU.
Disarticulation of the knee: analysis of an extended
database on survival, wound healing, and ambulation.
Journal of Vascular Surgery. 2017; 66(3):866-74.

[9] Bowker JH. Partial foot amputations and
disarticulations: surgical aspects. JPO: Journal of
Prosthetics and Orthotics. 2007; 19(8):P62-76.

[10] Tang J, Jiang L, Mcgrath M, Bader D, Laszczak P,
Moser D, et al. Analysis of lower limb prosthetic
socket interface based on stress and motion
measurements. Proceedings of the Institution of
Mechanical Engineers, Part H: Journal of Engineering
in Medicine. 2022; 236(9):1349-56.

[11] Widhata D, Ismail R. Water hyacinth (eceng gondok)
as fibre reinforcement composite for prosthetics
socket. In 0P conference series: materials science and
engineering 2019 (pp. 1-9). IOP Publishing.

[12] Alimi L, Chaoui K, Boukhezar S, Sassane N,
Mohamed H, Temam TG. Structure and mechanical
properties of PMMA/GF/Perlon composite for



International Journal of Advanced Technology and Engineering Exploration, Vol 10(105)

orthopedic prostheses. Materials Today: Proceedings.
2020; 31:5162-7.

[13] Oleiwi JK, Hamad QA, Abdulrahman SA. Flexural,
impact and max. shear stress properties of fibers
composite for prosthetic socket. Materials Today:
Proceedings. 2022; 56:3121-8.

[14] Nurhanisah MH, Saba N, Jawaid M, Paridah MT.
Design of prosthetic leg socket from kenaf fibre based
composites. Green Biocomposites: Design and
Applications. 2017:127-41.

[15] Faheed NK, Oleiwi JK, Hamad QA. Effect of different
fiber reinforcements on some properties of prosthetic
socket. Engineering and Technology Journal. 2021;
39(11):1715-26.

[16] Chiad JS, Al-din TMS. Enhancement of the
mechanical properties for above-knee prosthetic
socket by using the bamboo fiber. International
Journal of Energy & Environment. 2017; 8(4):331-8.

[17] Ramadhani GA, Susmartini S, Herdiman L,
Priadythama |. Advanced composite-based material
selection for prosthetic socket application in
developing countries. Cogent Engineering. 2020;
7(1):1-12.

[18] Jweeg MJ, Hammood AS, Al-waily M. Experimental
and theoretical studies of mechanical properties for
reinforcement fiber types of composite materials.
International Journal of Mechanical & Mechatronics
Engineering IIMME-1JENS. 2012; 12(4):62-75.

[19] Takhakh AM, Jweeg MJ, Abbas SM. Characterization
of materials used in manufacturing the ankle foot
ortheses. International Journal of Energy and
Environment. 2017; 8(4):291-8.

[20] Chiad JS. Study the impact behavior of the prosthetic
lower limb lamination materials due to low velocity
impactor. In engineering systems design and analysis
2014 (pp. 1-10). American Society of Mechanical
Engineers.

[21] Hamad QA, Oleiwi JK, Abdulrahman SA. Tensile
properties of laminated composite prosthetic socket
reinforced by different fibers. Materials Today:
Proceedings. 2023; 80:2353-9.

[22] Muhammed AM. Experimental investigation of tensile
and fatigue stresses for orthotic/prosthetic composite
materials with varying fiber (perlon, e-glass and
carbon). ARPN Journal of Engineering and Applied
Sciences. 2016; 11(21):12820-7.

[23] Sehar B, Waris A, Gilani SO, Ansari U, Mushtaq S,
Khan NB, et al. The impact of laminations on the
mechanical strength of carbon-fiber composites for
prosthetic foot fabrication. Crystals. 2022; 12(10):1-
12.

[24] Abbas SM, Kubba Al. Fatigue characteristics and
numerical modelling  prosthetic  for  chopart
amputation. Modelling and Simulation in Engineering.
2020; 2020:1-10.

[25] Al-shammari MA, Hussein EQ, Oleiwi AA. Material
characterization and stress analysis of a through knee
prosthesis sockets. International Journal of Mechanical
& Mechatronics Engineering. 2017; 17(6):57-64.

1075

[26] Abbas SM, Abbas MH. Analysis and manufacturing
of above knee prosthesis socket by using REVO fit
solution. In 1OP conference series: materials science
and engineering 2018 (pp. 1-10). IOP Publishing.

[27] Chiad JS, Tahir MS. A suggested new material to
manufacture above-knee prosthetic socket using the
lamination of monofilament, cotton and perlon Fibers.
Al-Nahrain Journal for Engineering Sciences. 2017;
20(4):832-7.

[28] Mechi SA, Al-waily M, Al-khatat A. The mechanical
properties of the lower limb socket material using
natural fibers: a review. In materials science forum
2021 (pp. 473-42). Trans Tech Publications Ltd.

[29] Dakhel N, Kadhim AA, Al-khayat RH, Al-waily M.
Effect of SiO, and Al,O3 hybrid nano materials on
fatigue behavior for laminated composite materials
used to manufacture artificial socket prostheses. In
materials science forum 2021 (pp. 493-509). Trans
Tech Publications Ltd.

[30] Bombek M, Vesenjak U, Pisek M, Vidmar G, Knez S,
Medved S. Mechanical testing of laminated composite
materials for prosthetic sockets. Materials and
Technology. 2021; 55(5):655-61.

[31] Faheed NK, Hamad QA, Oleiwi JK. Tensile and stress
analysis of hybrid composite prosthetic socket
reinforced with natural fibers. Journal of Renewable
Materials. 2022; 10(7):1-25.

[32] Zaier ZH, Resan KK. Manufacturing of a new
prosthetic shank from porous functionally graded
materials and measuring of properties it. International
Journal of Mechanical Engineering. 2022; 7(1):2230-
6.

[33] Cabrera IA, Pike TC, Mckittrick JM, Meyers MA, Rao
RR, Lin AY. Digital healthcare technologies: modern
tools to transform prosthetic care. Expert Review of
Medical Devices. 2021; 18(supl1):129-44.

[34] Nicoloso LG, Pelz J, Barrack H, Kuester F. Towards
3D printing of a monocoque transtibial prosthesis
using a bio-inspired design workflow. Rapid
Prototyping Journal. 2021; 27(11):67-80.

[35] 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. 2020; 6(11):1258-66.

[36] Baca LDM, Ahmad R. Tensile mechanical behaviour
of multi-polymer sandwich structures via fused
deposition modelling. Polymers. 2020; 12(3):1-15.

[37] Marinopoulos T, Li S, Silberschmidt VV. Structural
integrity of 3D-printed prosthetic sockets: an
experimental study for paediatric above-knee
applications. Procedia Structural Integrity. 2022;
37:139-44.

[38] Pousett B, Lizcano A, Raschke SU. An investigation
of the structural strength of transtibial sockets
fabricated using conventional methods and rapid
prototyping techniques. Canadian Prosthetics &
Orthotics Journal. 2019; 2(1):1-10.

[39] Van DSM, Verhamme L, Slump CH, Brouwers L,
Maal TJ. Strength testing of low-cost 3D-printed
transtibial prosthetic socket. Proceedings of the



Muhammed Abdul Sattar et al.

Institution of Mechanical Engineers, Part H: Journal of
Engineering in Medicine. 2022; 236(3):367-75.

[40] Cabrera IA, Hill PJ, Zhao WY, Pike TC, Meyers MA,
Rao RR, et al. Prosthetic sockets: tensile behavior of
vacuum infiltrated fused deposition modeling
sandwich structure composites. Prosthesis. 2022;
4(3):317-37.

[41] Clementi M. The influence of residual limb and liner
material properties on stress distribution in a
transtibial amputee: a finite element analysis.
POLITesi - Digital Archive of Degree and Doctoral
Theses. 2022.

[42] Zaier ZH, Resan KK. Effect of the gait speed on a new
prosthetic shank below knee. Journal of Engineering
and Sustainable Development. 2022; 26(4):63-9.

[43] Jweeg MJ, Al-waily M, Muhammad AK, Resan KK.
Effects of temperature on the characterisation of a new
design for a non-articulated prosthetic foot. In 10P
conference series: materials science and engineering
2018 (pp. 1-8). IOP Publishing.

[44] Chiad JS, Yaseen ND, Ghani FM. Reduction the
effects of the vibration parameter on the replacement
knee joint during daily gait cycle. Al-Nahrain Journal
for Engineering Sciences. 2018; 21(4):486-93.

[45] Chang Y, Ko CY, Jeong B, Kang J, Choi HJ, Kim G,
et al. Changes in spatiotemporal parameters and lower
limb coordination during prosthetic gait training in
unilateral transfemoral amputees. International Journal
of Precision Engineering and Manufacturing. 2022;
23(3):361-73.

[46] Rasheed F, Martin S, Tse KM. Design, kinematics and
gait analysis, of prosthetic knee joints: a systematic
review. Bioengineering. 2023; 10(7):1-14.

[47] ASTM D. 638-10 standard test method for tensile
properties of plastics. ASTM International. 2010.

[48] ASTM S. Standard test methods for flexural properties
of unreinforced and reinforced plastics and electrical
insulating materials. ASTM D790. Annual Book of
ASTM Standards. 1997.

[49] Robinson RO, Herzog W, Nigg BM. Use of force
platform variables to quantify the effects of
chiropractic manipulation on gait symmetry. Journal
of Manipulative and Physiological Therapeutics. 1987;
10(4):172-6.

[50] Winter DA, Sienko SE. Biomechanics of below-knee
amputee gait. Journal of Biomechanics. 1988;
21(5):361-7.

[51] Mackenzie EJ, Bosse MJ, Castillo RC, Smith DG,
Webb LX, Kellam JF, et al. Functional outcomes
following trauma-related lower-extremity amputation.
JBJS. 2004; 86(8):1636-45.

[52] Orendurff MS, Segal AD, Klute GK, Berge JS, Rohr
ES, Kadel NJ. The effect of walking speed on center
of mass displacement. Journal of Rehabilitation
Research & Development. 2004; 41(6):829-34.

[53] Ortega JD, Farley CT. Minimizing center of mass
vertical movement increases metabolic cost in
walking. Journal of Applied Physiology. 2005;
99(6):2099-107.

1076

Muhammad Abdul Sattar received
his B.Sc. degree from Al-Mustansiriya
University in 1998. He completed his
M.Sc. (1999) and Ph.D. (2007) in
Mechanical Engineering/Applied
Mechanics from Al-Nahrain
University. He has been a Lecturer in
Mechanical Engineering at Al-Nahrain
University in Baghdad, Irag, since 2007. His areas of
specialization include Mechanical Engineering, Composite
Materials, Prosthetics, Vibration, and Friction.

Email: m1976sjnr@gmail.com

¥ Aseel Ghazwan earned her B.Sc. and
M.Sc. degrees in Medical Engineering
from Al-Nahrain University, Irag. In
2017, she completed her Ph.D. in
Medical Engineering at Cardiff
University, U.K. Currently, she holds
the position of Lecturer in the
Biomedical Engineering Department at
the College of Engineering, Al-Nahrain University,
Baghdad, Irag. She has also been associated with the
Biomechanics and Bioengineering Research Centre Versus
Arthritis at Cardiff University, Cardiff, U.K. Her research
encompasses a range of areas, including OA Classification,
Gait Analysis, Musculoskeletal Modeling, Deep Learning,
Muscle Forces, Foot Deformities, and Prosthetics.

Email: aseel_ghazwan@yahoo.com

Saif M. Abbas obtained his B.Sc.
(2012) and M.Sc. (2015) degrees in

= o Mechanical Engineering from Al-
g Nahrain ~ University in Irag. He
v commenced his Ph.D. studies in

Mechanical Engineering at Al-Nahrain
‘ University in 2021 and is currently in
the thesis writing stage. In 2016, he
joined the Prosthetics and Orthotics Engineering
department at Al-Nahrain University as an assistant
lecturer. His primary areas of interest encompass the
Design, Manufacturing, And Analysis of Prostheses and
Orthoses. He also gained experience as an Engineer
Manufacturing Prosthetics and Orthotics at Al Ebtisam
Center.
Email: saif. mohammed@nahrainuniv.edu.iq

Appendix |

S.No.  Abbreviation Description

1 ABS Acrylonitrile Butadiene Styrene

2 AK Above-Knee

3 ANOVA Analysis of Variance

4 AM Additive Manufacturing

5 ASTM American Society for Testing and
Materials

6 ASTM D790 American Society for Testing and
Materials— Standard Test Method
for Flexural Bending

7 ASTM638 American Society for Testing and

Materials— Standard Test Method
for Tensile Properties
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8 BK Below-Knee

9 CAD/CAM The integration of Computer-
aided design (CAD) and
Computer-Aided Manufacturing

(CAM)

10 3D Three-Dimensional

11 E Modulus of Elasticity

12 FDM Fused Deposition Modelling

13 GRF Ground Reaction Force

14 IP Interface Pressure

15 ISO International  Organisation  for
Standardisation

16 PLA Polylactic Acid

17 PVA Polyvinyl Acetate

18 SEM Scanning Electron Microscopy

19 Sl Symmetry Index

20 SPSS Statistical Packages for Social
Science

21 TFAs Transfemoral Amputees

22 K Through-Knee

23 TKA Through-Knee Amputation

24 TPE Thermoplastic Elastomer

25 Gult Ultimate Tensile Stress

26 6y Yield Tensile Stress

27 Xp The  Prosthetic Leg's Gait
Variable

28 Xs The Sound Leg's Gait Variable
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