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ABSTRACT

The foot is an essential part of the components of the prosthesis. Therefore, the selected
materials’ mechanical properties, cost, and weight must be considered when manufacturing
the prosthetic foot. This study studied the mechanical properties of selected materials used
for prosthetic feet. The material chosen is Carbon Fiber, Glass fiber, and hybrid composite
material. This study aims to simulate chosen materials to find the optimal material selection
for manufacturing prosthetic feet by assuming boundary conditions, reaction forces, design
consideration, and application. The simulation was done by the finite element analysis
ANSYS-14.5 program. The result of the force plate test shows the ground reaction force
equal to 750N at heel strike,700N at mid-stance, and 650N at the toe-off stage. The finite
element result shows the maximum Von-Misses stress equal to 119MPa at the toe-off stage,
and the hybrid composite material has the maximum safety factor. Furthermore, the results
showed that the mechanical properties of the hybrid composite materials are the best, as
the yield stress is S60MPa, the ultimate stress is 678MPa, and the modulus of elasticity is
6.2GPa. The result shows that the Hybrid composite material has excellent improvement in

mechanical properties such as lightweight,

stiffness, high mechanical properties, and

cost-efficiency. Hence by considering the

body weight of the amputee, gait cycle,
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and analyzing the material properties,
the hybrid composite material is the best
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foot prostheses.
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INTRODUCTION

A prosthesis is an artificial device used by people who suffer from amputations due to
disease or accidents (Kadhim et al., 2020a; Herbert et al., 2005). The lower limb prosthetic
parts are the pylon, the socket, and the foot, as shown in Figure 1 (Kadhim et al., 2020b).
A prosthetic foot is a manufactured device that replaces a lost limb and restores some

function to amputees (Awad & Kadhim, 2022).

In recent years, different prosthetic parts have been manufactured and developed, such
as knee parts (Arteaga et al., 2020; Zhang et al., 2021; Kadhim et al., 2020c; Wang et al.,

2020) and prosthetic sockets (Estillore et al., 2021;
Vitali et al., 2017; Sakuri et al., 2020; Marable et al.,
2020, Kadhim et al., 2019; Monette et al., 2020), and
hip joint application (Annur et al., 2020; Abdullah et
al., 2019; Delikanli & Kayacan, 2019; Gavali et al.,
2016). Many researchers were interested in the design
and manufacturing of prosthetic feet. Hadi and Oleiwi
(2015) investigated the tensile strength of polymer
blends as prosthetic foot material reinforcement
by carbon fiber. Mohammed and Salman (2020)
studied designing and modeling a prosthetic foot
made of suitable composite materials (high-density
polyethylene (HDPE) filled with 60% Date Palm
Wood) (DPW). Tao et al. (2017) used 3D printing of
polylactic acid to design and optimize the prosthetic
foot. They printed a prosthetic foot using filament made
of Polylactic Acid (PLA) and a hobby-level printer.
Tryggvason et al. (2020) investigated the Dynamic
FEA used to modify the design and analyze the energy
of a variable stiffness prosthetic foot. Bence and David
(2017) created a 3D-printed Energy Storage and Return
(ESAR) foot prosthesis with an intriguing novel shape
suitable for people with trans-tibial amputations and
employing ABS material as a filament.

Oleiwi and Hadi (2021) Most prosthetic feet
currently available are made from polyethylene
and polyurethane materials. These feet always
have mechanical failure due to fatigue problems in
the metatarsal region due to the dorsiflexion and
plantarflexion movements, as shown in Figure 2.

=3 Socket

—>Pylon

Foot

Figure 1. The parts of the lower limb
prosthetic (Awad et al., 2022)

Figure 2. Mechanical failure of the
traditional prosthetic foot (Yousif et
al., 2018)
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Choosing Prosthetic Foot Materials Using Finite Element Analysis

This study proposed three common materials to manufacture the prosthetic foot. The
materials are carbon fiber, glass fiber, and the hybrid composite material that consists of
a mixture of carbon fiber and glass fiber in addition to resin. The purpose of suggesting
these materials is because all of these materials have high mechanical properties and are
suitable for this application. Also, to compare these materials to choose the best material
for manufacturing the prosthetic foot. The proposed materials for use in the manufacture
of the prosthetic foot were tested for mechanical properties. In addition, the foot prosthetic
model has been tested by the Finite element method as a case study to understand better
the stress distribution and safety factors and optimize the selection of materials.

MATERIALS AND METHOD
Materials

In this study, three groups of materials will be tested. Each material will be a case study for
manufacturing the prosthetic foot. Each material group consists of several layers according
to the study cases listed below:

1. Case (1) (twenty layers of carbon fiber with lamina)

2. Case (2) (twenty layers of fiberglass with lamina)

3. Case (3) (ten layers of carbon fiber + ten layers of fiberglass, the arrangement is
periodically recurring a layer of carbon fiber, followed by a layer of fiberglass,
and then a layer of carbon fiber).

The lamination process produces samples of tensile and fatigue tests to examine

the materials to know their mechanical properties. The material needed in lamination
is the following (two Polyvinyalcohol PVA

bags, layers of each material group, epoxy «—— PVAbags
with hardener with a ratio of 80:30, a vacuum r —
device, and Jepson mold). Figure 3 shows the H
positioning of the Jepson mold at the stand of _h
the vacuum pressure system. e Jepson mold ]
Put the first piece of the PVA on the

gypsum molds and suction the air between the

/

PVA and gypsum with the vacuum system,
then put the materials’ layers on the plaster
mold, and then put the second piece of the PVA

. . . ] The pipe of
and suction the air between two bags with the P vacuurﬁ gystem

vacuum system, then mix the overlying resin
80:20 polyurethane with the hardener and put

this mixture on these layers. Thus, using a Figure 3. The Jepson mold at the stand of the

vacuum system, the air and the mixture of the ~ vacuum pressure to lay up the layers of fibers
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lamina are suctioned from the space in which the casting process is made. Finally, maintain
the vacuum at constant pressure at room temperature until the laminations are cool, then
cut them according to the size of the samples for the mechanical test.

Tensile Test

A CNC machine cuts each casting sample into three samples for tensile testing. The
dimensions of the specimens are cut according to ASTM D638 (2014). The thickness of
samples varies depending on the layers of each material case, as shown in Figure 4. The
samples were tested at a 3 mm/min speed by a Testometric device type. The specimen
was placed in the grip of the tensile testing machine,
and the test was performed by applying tension until it
underwent fracture, as shown in Figure 5. Figure 6 shows
the carbon fibers and glass fibers group specimen. The
figure of the hybrid sample is similar to the shape of the
carbon fiber specimen because its outer surface consists
of a layer of carbon fiber.

[ 165 mm

Figure 5. The clamped samples with
the jig and tensile device

(b)

Figure 6. (a) The tensile specimen of fiberglass; (b) The tensile specimen of carbon fiber

Fatigue Test

The CNC machine cut eight samples of each casting case to test the fatigue machine
(Roberts & Hart, 2001). The dimension of the spearman’s cutting is according to the
spearman’s standard of fatigue device test. The length of the fatigue specimen is 100 mm
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and the width 10 mm, while thickness varies with each group of a composite material
layup, as shown in Figure 7. Figure 8 shows the fatigue specimen of carbon fibers and
glass fibers group without the figure of the hybrid sample due to its similarity to the shape
of the carbon fiber specimen.

¢d=4mm ¢4mm

/10 mm

L
r

100 mm

Figure 7. The fatigue test specimen’s dimensions with a fatigue machine (HI-TEICH)

Figure 8. The fatigue specimens of carbon fibers and fiberglass

Test of Ground Reaction Force

The ground exerts the ground reaction force on a body in contact with it (Miiller & Schiffer,
2020). When the normal or amputee person walks on the ground, the reaction force affecting
on the body through the foot, the reaction force consists of three components of forces,
two in a horizontal direction and one in a vertical direction of the foot, as shown in Figure
9. In this test, the patient walks normally on the device, and the device records the values
of the reaction forces on the body for the steps taken by the patient while passing on the
device. This test aims to measure the ground reaction values on the body that will apply as
a boundary condition during the simulation for the material’s suggested feet. The patient
has a transtibial amputee who walked on the force plate device to measure the reaction
force that must be applied on foot during finite element analysis, as shown in Figure 10.
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Ground
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Figure 9. The components of ground  Figure 10. The patient with a transtibial amputee walked on
reaction force the force plate device

Finite Element Analysis

It was a useful tool for understanding load transfer through prosthetic applications. The
finite element technique is a full-field analysis for calculating the state of stresses, safety
factors, and other mechanical parameters in a specific field:
1. The Solid-works 2020 software designed the three-dimensional model of the
prosthetic foot.
2. The designed model was transferred
to ANSYS 14.5 software to analyze
a static load test and find the Von-
Misses stress and the safety factor
when applying the boundary
conditions.
3. Meshing was done with
tetrahedrons, as shown in Figure 11.
Mesh convergence tests were done
previously to determine the best mesh size.

A mesh size of 2 mm was chosen for this

model based on the convergence analysis.  Figure 11. The mesh of the foot prosthetic model

RESULTS AND DISCUSSION

The tensile tests showed the mechanical properties of the three study cases of the materials
used to manufacture the prosthetic foot. Figure 12 shows the stress-strain curve of the
three tested materials, whose mechanical properties can be summarized in Table 1. The
results showed that the hybrid composite material has better mechanical properties than
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carbon fiber and fiberglass due to the anisotropic properties in all the hybrids. Failure is
generally noncatastrophic when hybrid composites are stressed under tension (i.e., It does
not happen suddenly). The carbon fibers fail first when the load is applied to the hybrid
composites, and the load is then transmitted to the glass fibers. The matrix phase must
maintain the applied load when the glass fibers fail. Therefore, the failure of the composite
event coincides with the failure of the matrix phase (Callister, 2007).

The modulus of elasticity for hybrid material equals 6.2 GPa, ultimate stress is 678
MPa, and yield stress is 560 MPa. The fatigue test results showed the stress endurance
equal to (425, 300,90) MPa for the hybrid composite material, carbon fiber, and glass fiber,
respectively. Glass fiber has low stress compared to others due to the higher strength of
carbon fiber. Therefore, it behaves like elastic material with good bearing capacity during
tensile loading (Naito & Oguma, 2017; Dong, 2016). Anisotropic properties may be seen
in all the hybrids. Failure is generally noncatastrophic when hybrid composites are stressed
under tension (i.e., It does not happen suddenly). The carbon fibers fail first when the load
is applied to the hybrid composites, and the load is then transmitted to the glass fibers.
The matrix phase must maintain the applied load when the glass fibers fail. The composite
event’s failure coincides with the matrix phase’s failure.

800
700 Hybrid composite material
——— Carbon fiber ____,.f“-

~ 600 —— Glass fiber gl
o
S 500 -

400 -
% f{_,—-" -

-
300 —
200 e —
,___,-*") _____.___———'—___
100 = - —
0 e=—"_
0 2 4 6 8 10 12 14
Strian (%)

Figure 12. The stress-strain curve of the three tested materials

Table 1
Overview of the tested materials’ mechanical properties
N“c“alz’:: of N‘E;b:rz of E (GPa) G (MPa) G, (MPa) Th(‘;kmn)e 5
Case (1) 20 5.7 580 448 4.1
Case (2) 20 1.7 170 160 4.48
Case (3) 20 6.2 678 560 4.22
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Figure 13 shows the relationship between repeated stresses and the number of cycles
of fatigue testing for the three tested materials.

Figure 14 shows the values of ground reaction force resulting from the gait cycle test.
The ground reaction force curve is divided into three regions (heel strike, mid stance, and
toe-off). The reaction force value equals 750 N at heel strike, 700 at midstance, and 650
at toe-off). The values of ground reaction force are used as a boundary condition in the
FEM analysis of the foot.

700
= Glass fiber

600 = Carbon fiber

= Hybrid composite material
500

3

400

300

Stress (MPa)

200

100

|

E6 4E6 6E6 8E6 10E6 12E6 14E6
Number of cycles

0

Figure 13. The S-N curve of the three tested materials

AL i

Heel Stelke Mld-Stance Toe Off

900*
800+
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6004
500+
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0 10 20 30 40 50 60 70 80 90 100
Giat cycle time (%)

Figure 14. The curve of the ground reaction force of an amputee person
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The Boundary Condition for Analysis of the Prosthetic Foot. For the analysis of the
prosthetic foot, the boundary conditions must be applied to evaluate the generated stresses
and the values of the safety factor for each study case of the materials group for the
manufacture of the prosthetic foot. The boundary condition includes applying the value
of ground reaction force at shank with fixed the foot at the heel at the initial contact stage
of the gait cycle, as shown in Figure 15(a), the region (A) is fixed support and applied
load at region (B). Next, for the stage of midstance, the reaction force is applied at the
shank and fixed at the forefoot and rearfoot as shown in Figure 15(b), the regions (B) are
fixed support and applied load at region (A). Finally, the boundary condition at the toe-off
stage, the reaction force applied at the shank and fixed at the forefoot as shown in Figure
15(c), the region (B) is fixed support and applied load at region (A). The applied boundary
conditions for simulating a prosthetic foot derived from the applied forces resulting from
bodyweight on foot during gait cycle analyses (Baker, 2013; Levine et al., 2012).

The result of numerical analysis of prosthetic foot shows the stress generated due to
applying the boundary condition. For example, Figure 16(a) shows the maximum stress
value generated equal to 103.64 MPa when the patient walks at the heel strike. At the
same time, Figure 16(b) shows the maximum stress equal to 65 MPa when applying the

Figure 15. (a) The prosthetic foot model’s boundary condition at heel strike position; (b) The prosthetic
foot model’s boundary condition at midstance position; (c) The prosthetic foot model’s boundary condition
at the toe-off position

A Static Stuctural HeStatic Struciural
Equitalent Stress Equivalent tress
Tyne: Equivalent (on-Mices) Stiess Tyre: Equivalent (on-ises) Stress
Unit MPa UntPa

A: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Gtess
Unit:MPa

Time: 1 Time: 1
220320211236 2207120211313

Time: 1
2200772021 01:57
65588 Max
8301
51.013
3726
%438
2451
2863
14576

11921 Max
105.96
92716
7041
66.226
2881
39736
26491

10364Max
2125

1061

69,035
57579

16064
34648

1503
1517 22862 12248
00018745 Min 00075533 Han 0.00041823Min

(A) (B) : ©
Figure 16. (a) The foot model’s Von Mises stress at the heel strike stage; (b) The foot model’s Von Mises
stress at the midstance stage; (c) The foot model’s Von Mises stress at the toe-off stage
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boundary condition at the midstance phase. Therefore, maximum stress equals 119.2 MPa
for toe-off boundary conditions, as shown in Figure 16(c). It was noted from the stress
analysis results that there is a large difference between the maximum stress generated and
the yield stress for each material, which explains the possibility of the success of the three
groups of materials in manufacturing the prosthetic foot.

Also, the analysis shows that the safety factor for the prosthetic foot’s material
groups has been passed in design. The safety factor’s value varies by region, based on the
distribution of stresses generated and the endurance stress for each material group. Figures
17 to 19 show the foot model’s safety factor when using carbon fiber, fiberglass, and hybrid
composite material in three gait cycle phases (heel strike, midstance, toe-off). The results
showed that the safety factor values were equal to more than 1.25 for all groups of materials
and at all stages of the gait cycle. Therefore, the design will be safe if the fatigue safety
factor is greater than or equal to 1.25 (Miller, 2002). The values of safety factors of three
materials at three stages of the gait cycle can be summarized in Table 2.

A Static Structural
Saety Factor
Tyne: Safety Factor

A: Static Structural &: Static Structural
Saely Factor Satety Factor
Type: Safely Factar Type: Safet Factor

Time: 0
2200712021 0225

15Max

10

38417 Min
0

Tirme;
220712021 0247

15Max

10
1.7338Min
0

Time:
22/07/2021 0208

15Max

10

3.3263 Min
0

(4) (B) (©)
Figure 17. (a) The safety factor value for carbon fiber reinforced foot model at the heel strike stage; (b) The

safety factor value for fiberglass reinforced foot model at the heel strike stage; (c) The safety factor value
for hybrid material reinforced foot model at the heel strike stage

A: Static Structural T Stafic Structural T Stic Structural
Safely Factor Safety Factor Safely Factor

Type: Safey Factor Type: Safey Factor
Tyne: Safety Factor
T\vrnwe 0 ¢ Tire: 0 Time:0

2200720211258 207011237 200720211257

15Max 15Max

10 >
68516 Min

51387 Min

0 0

15 Max
10

27511 tin
0

(4)
Figure 18. (a) The safety factor value for carbon fiber reinforced foot model at the heel strike stage; (b) The

safety factor value for fiberglass reinforced foot model at the heel strike stage; (c) The safety factor value
for hybrid material reinforced foot model at the midstance stage

(B)
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[hStatic Structural I Statc Structural A: Static Structural
Saety Factor SafeyFario Safety Fatar
Type: Sfety Factor Type: Gy Facior Type: Salely Fartor
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E 4.3575 Min
]

Ime:
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15 Hax
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]

18455 Min
(U

ime:
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Figure 19. (a) The safety factor value for carbon fiber reinforced foot model at the heel strike stage; (b) The
safety factor value for fiberglass reinforced foot model at the heel strike stage; (c) The safety factor value
for hybrid material reinforced foot model at the toe-off stage

Table 2
The safety factors summarized the values of three materials at different stages of the gait cycle
Material Heel strick Mid-stance Toe-off
Carbon fiber 5.7 580 448
Glass fiber 1.7 170 160
Hybrid composite material 6.2 678 560
CONCLUSION

The previous results concluded that all the materials groups passed in design, but the best
material to manufacture the prosthetic foot is the material in case (3), which is hybrids
composite material (carbon and glass fibers). For manufacturing the prosthetic foot, it was
decided to use a hybrid composite material because it has a better overall combination
of properties than composites with only one fiber type. Various fiber combinations and
matrix materials are used, but combining carbon and glass fibers in polymeric resin is the
most common method. Carbon fibers are strong and stiff in comparison to other materials.
They provide low-density reinforcement but are expensive. Glass fibers are less expensive
than carbon fibers but lack their stiffness. The glass fiber—carbon fiber hybrid is stronger
and harder, has greater impact resistance, and can be manufactured cheaper than similar
all-carbon or all-glass reinforced polymers. Therefore, it was concluded that the hybrid
material is the most suitable choice for manufacturing the prosthetic foot because of its
high mechanical properties and lightweight compared to the prosthetic foot was made of
carbon fiber or fiberglass.

ACKNOWLEDGEMENT

The authors appreciate the cooperation of the Al-Nahrain University, Irag, in completing
the experimental work.

Pertanika J. Sci. & Technol. 30 (4): 2363 - 2376 (2022) 2373



Fahad Mohanad Kadhim, Samah Falah Hasan and Sadiq Emad Sadiq

REFERENCES

Abdullah, T. S., Murat, C., Irfan, K., & Fehim, F. (2019). Optimal material selection for total hip implant: A
finite element case study. Arabian Journal for Science and Engineering, 44, 10293-10301.

Annur, D., Utomo, M. S., Asmaria, T., Malau, D. P., Supriadi, S., Suharno, B., Rahyussalim, A. J., Prabowo,
Y., & Amal, M. 1. (2020). Material selection based on finite element method in customized iliac implant.
Materials Science Forum, 1000, 82-89. https://doi.org/10.4028/www.scientific.net/msf.1000.82

Arteaga, O., Teran, H. C., Morales, H., Argiiello, E., Erazo, M. L., Ortiz, M., & Morales, J. J. (2020). Design of
human knee smart prosthesis with active torque control. International Journal of Mechanical Engineering
and Robotics Research, 9(3), 347-352. https://doi.org/10.18178/ijmerr.9.3.347-352

ASTM D638. (2014). Standard test method for tensile properties of plastics. American Society of Testing and
Materials. West Conshohocken. https://www.astm.org/d0638-14.html

Awad, F. S., & Kadhim, F. M. (2022). Compare EMG signals by using myo-ware muscle sensor and myo-trace
device for measuring the electrical activity of the muscles. In AIP Conference Proceedings (Vol. 2386,
No. 1, p. 040009). AIP Publishing LLC. https://doi.org/10.1063/5.0067239

Awad, F. S., Kadhim, F. M., & Aboud, S. W. (2022). Strain and deformation measurement for prosthetic parts
using the Arduino microcontroller and strain gauges instruments. International Journal of Mechanical
Engineering, 7(1), 1049-1055.

Baker, R. W. (2013). Measuring Walking: A Handbook of Clinical Gait Analysis. Wiley.

Bence, R., & David, P. (2017). Design and analysis of 3D printable foot prosthesis. Periodical Polytechnic
Mechanical Engineering, 61(4), 282-287. https://doi.org/10.3311/PPme.11085

Callister, W. D. (2007). Materials Science and Engineering - An Introduction. John Wiley & Sons. Inc.

Delikanli, Y. E., & Kayacan, M. C. (2019). Design, manufacture, and fatigue analysis of lightweight hip
implants. Applied Biomaterials & Functional Materials, 17(2), https://doi.org/10.1177/2280800019836830

Dong, C. (2016). Uncertainties in flexural strength of carbon/glass fibre reinforced hybrid epoxy composites.
Composites Part B: Engineering, 98, 176-181. https://doi.org/10.1016/j.compositesb.2016.05.035

Estillore, J. V., Dungo, C. A., Guzman, K. N., Maniaul, J. M., & Magdaluyo Jr, E. (2021). Optimal material
selection study of prosthetic socket and pylon tube in transtibial prosthesis fabrication. Engineering
Research Express, 3(2), Article 025030. https://doi.org/10.1088/2631-8695/ac0094

Gavali, S., L., Gawande, S. H., Patil, S. R., & Yerrawar, R. N. (2016). Experimental stress analysis of hip joint
implant for fracture analysis. IOSR Journal of Mechanical & Civil Engineering, 1,20-31.

Hadi, A. N., & Oleiwi, J. K. (2015). Improving tensile strength of polymer blends as prosthetic foot material
reinforcement by carbon fiber. Journal of Material Science & Engineering, 4(2), 2169-0022.

Herbert, N., Simpson, D., Spence, W. D., & Ion, W. (2005). A preliminary investigation into the development
of 3-D printing of prosthetic sockets. Journal of Rehabilitation Research & Development, 42(2), 141-146.
https://doi.org/10.1682/jrrd.2004.08.0134

Kadhim, F. M., Takhakh, A. M., & Chiad, J. S. (2020a). Modeling and evaluation of smart economic transfemral
prosthetic. Defect and Diffusion Forum, 398, 48-53. https://doi.org/10.4028/www.scientific.net/ddf.398.48

2374 Pertanika J. Sci. & Technol. 30 (4): 2363 - 2376 (2022)



Choosing Prosthetic Foot Materials Using Finite Element Analysis

Kadhim, F. M., Chiad, J. S., & Enad, M. A. S. (2020b). Evaluation and analysis of different types of prosthetic
knee joint used by above knee amputee. Defect and Diffusion Forum, 398, 34-40. https://doi.org/10.4028/

www.scientific.net/ddf.39

Kadhim, F. M., Chiad, J. S., & Enad, M. A. S. (2020c). Evaluation and analysis of
different types of prosthetic knee joint used by above knee amputee. Defect
and Diffusion Forum Journal, 398, 34-40. https://doi.org/10.4028/www.scientific.net/DDF.398.34

Kadhim, F. M., Takhakh, A. M., & Abdullah, M. A. (2019d). Mechanical properties of polymer with different
reinforcement material composite that used for fabricates prosthetic socket. Journal of Mechanical
Engineering Research & Developments, 42(4), 118-123. https://doi.org/10.26480/jmerd.04.2019.118.123

Levine, D., Richards, J., & Whittle, M. W. (2012). Whittle s gait analysis. Elsevier health sciences.

Marable, W. R., Smith, C., Sigurjonsson, B. b., Atlason, I. F., & Johannesson, G. A. (2020). Transfemoral socket
fabrication method using direct casting: outcomes regarding patient satisfaction with device and services.
Canadian Prosthetics & Orthotics Journal, 3(2), Article 6. https://doi.org/10.33137/cpoj.v3i2.34672

Miller, B. A. (2002). Failure analysis and prevention, fatigue failures. ASM International Handbook, 11,
Article 1470.

Mohammed, H. S., & Salman, J. M. (2020). Design and modeling the prosthetic foot from suitable composite
materials. American Journal of Engineering and Applied Sciences, 13(3), 516-522. https://doi.org/10.3844/
ajeassp.2020.516.522

Monette, D., Dumond, P., Chikhaoui, I., Nichols, P., & Lemaire, E. D. (2020). Preliminary material evaluation
of flax fibers for prosthetic socket fabrication. Journal of Biomechanical Engineering, 143(2), Article
021006. https://doi.org/10.1115/1.4048079

Miiller, P., & Schiffer, A. (2020). Human gait cycle analysis using kinect V2 sensor. Pollack Periodica, 15(3),
3-14. https://doi.org/10.1556/606.2020.15.3.1

Naito, K., & Oguma, H. (2017). Tensile properties of novel carbon/glass hybrid thermoplastic composite rods.
Composite Structures, 161, 23-31. https://doi.org/10.1016/j.compstruct.2016.11.042

Oleiwi, J. K., & Hadi, A. N. (2021). Properties of materials and models of prosthetic feet: A review. In /OP
Conference Series: Materials Science and Engineering (Vol. 1094, No. 1, p. 012151). IOP Publishing.
https://doi.org/10.1088/1757-899X/1094/1/012151

Roberts, N. P., & Hart, N. R. (2001). Alternating bending fatigue machine (HSM20), instruction manual. Hi-
Tech Ltd. UK, 150, 200-250.

Sakuri, S., Surojo, E., Ariawan, D., & Prabowo, A. R. (2020). Investigation of Agave cantala-based composite
fibers as prosthetic socket materials accounting for a variety of alkali and microcrystalline cellulose
treatments. Theoretical and Applied Mechanics Letters, 10(6), 405-411. https://doi.org/10.1016/j.
tam1.2020.01.052

Tao, Z., Ahn, H. J., Lian, C., Lee, K. H., & Lee, C. H. (2017). Design and optimization of prosthetic foot by
using polylactic acid 3D printing. Journal of Mechanical Science and Technology, 31(5), 2393-2398.
https://doi.org/10.1007/s12206-017-0436-2

Pertanika J. Sci. & Technol. 30 (4): 2363 - 2376 (2022) 2375



Fahad Mohanad Kadhim, Samah Falah Hasan and Sadiq Emad Sadiq

Tryggvason, H., Starker, F., Lecomte, C., & Jonsdottir, F. (2020). Use of dynamic FEA for design modification
and energy analysis of a variable stiffness prosthetic foot. Applied Sciences, 10(2), Article 650. https://
doi.org/10.3390/app10020650

Vitali, A., Regazzoni, D., Rizzi, C., & Colombo, G. (2017). Design and additive manufacturing of lower limb
prosthetic socket. In ASME International Mechanical Engineering Congress and Exposition (Vol. 58462,
p- VO11T15A021). American Society of Mechanical Engineers. https://doi.org/10.1115/imece2017-71494

Wang, X., Meng, Q., Zhang, Z., Sun, J., Yang, J., & Yu, H. (2020). Design and evaluation of a hybrid
passive-active knee prosthesis on energy consumption. Mechanical Sciences, 11(2), 425-436. https://
doi.org/10.5194/ms-11-425-2020

Yousif, L. E., Resan, K. K., & Fenjan, R. M. (2018). Temperature effect on mechanical characteristics of a
new design prosthetic foot. International Journal of Mechanical Engineering and Technology, 9(13),
1431-1447.

Zhang, Z., Yu, H., Cao, W., Wang, X., Meng, Q., & Chen, C. (2021). Design of a semi-active prosthetic knee
for transfemoral amputees: Gait symmetry research by simulation. Applied Sciences, 11(12), Article 5328.
https://doi.org/10.3390/app11125328

2376 Pertanika J. Sci. & Technol. 30 (4): 2363 - 2376 (2022)



