friried applied
1 sciences

Article

Design of Titanium Alloy Femoral Stem Cellular Structure for
Stress Shielding and Stem Stability: Computational Analysis

Naser Fawzi Al Zoubi 1, Faris Tarlochan *, Hassan Mehboob 2 and Firas Jarrar 3

Citation: Zoubi, N.F.A.;

Tarlochan, F.; Mehboob, H.; Jarrar, F.
Design of Titanium Alloy Femoral
Stem Cellular Structure for Stress
Shielding and Stem Stability:
Computational Analysis. Appl. Sci.
2022, 12, 1548. https://doi.org/
10.3390/app12031548

Academic Editor: Claudio Belvedere

Received: 9 January 2022
Accepted: 30 January 2022
Published: 31 January 2022

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2022 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Department for Mechanical and Industrial Engineering, Qatar University,
Doha 2713, Qatar; nal402790@student.qu.edu.qa

2 Department of Engineering Management, College of Engineering, Prince Sultan University,
Riyadh 11586, Saudi Arabia; hmehboob@psu.edu.sa

3 Department of Mechanical Engineering, College of Engineering, Khalifa University,
Abu Dhabi 127788, United Arab Emirates; firas.jarrar@ku.ac.ae

* Correspondence: faris.tarlochan@qu.edu.qa

Abstract: The main objective of this study is to design titanium alloy femoral stems with cubic po-
rous structures that will be able to reduce stress shielding and promote stem stability. These porous
structure designs were introduced into titanium alloy femoral stems as homogeneous and function-
ally graded porous structures. First, the cubic cellular structures were simulated under compressive
loading to measure the yield and modulus of elasticity for various porosity ranges. Based on the
selected porosity range, fifteen different arrangements of radial geometrical functionally graded
(FG) designs were developed with average porosities of 30, 50, and 70% respectively. Finite element
models were developed with physiological loads presenting three different walking speeds (1, 3,
and 5 km/h), where the average human body weight was assumed. Stresses at the bone Gruen zones
were measured to check the percentage of stress transfer to the bone for each porous stem design
and were compared with the bulk stem. Several FG stem designs were shortlisted for further inves-
tigation as candidates for hip implants.

Keywords: stem design; implants; hip replacement; femur bone; total hip arthroplasty;
computational analysis

1. Introduction

Osteoarthritis and osteoporosis can affect any joint in the body, but they are more
common in the hip and knee joints and can be secondary to trauma, avascular necrosis,
some metabolic diseases, infection, or alterations of joint morphology, as in hip dysplasia
[1] (Deborah, 2012). Many adults and elderly people with severe osteoporosis end up with
bone fractures, especially hip fractures, due to low-energy falls [2]. There is no curative
treatment for hip joints and in severe cases total hip arthroplasty (THA) is the only choice.
Accidents are another factor in the loss of functionality at the hip joint due to fractures,
which are also treated by THA. According to epidemiological projections, by 2050, the
total number of THAs globally will reach 6.26 million [3]. In the United States, it was es-
timated that around 498,000 hip replacement procedures will have been performed in
2020, the number increasing to 652,000 by 2030 [4]. For the year 2011, there were a total of
1.63 million hip replacement surgeries carried out in the Organization for Economic Co-
operation and Development (OECD) countries and in 2017 the average was 2.4 million.

To treat this huge number of patients, femoral stems made of metallic biomaterials,
such as titanium alloy, cobalt-chrome alloy, and stainless steel, are conventionally used
in THAs. The stiffness of these materials is 4-12-fold greater than the stiffness of the bone
[5-8]. The high stiffness of the dense stems in comparison to the femur bone causes several
complications, such as aseptic loosening and stress shielding, which may lead to poor
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bone ingrowth, stem failure, and revision of surgery [8,9]. The revision rate of THAs per-
formed in the United States is about 6% after 5 years, 12% after 10 years, and 18% between
10 and 20 years after the initial surgery [10-12]. The risk of revision surgeries is higher for
young adults (35%) due to active lifestyles [13,14].

To treat the arthritis/trauma initially, the femoral stem was made of stainless steel
and its alloys; 316 L, especially, was used extensively. However, the usage of stainless
steel has decreased tremendously, primarily due to corrosion issues [15]. Stainless steel
stems are replaced by titanium and cobalt chrome alloys, but more pain has been reported
with the use of cobalt—chrome alloy stems compared to titanium-based stems [16]. This is
because the stiffness of the cobalt-chrome alloy is almost twice that of titanium alloy,
which promotes stress shielding, a phenomenon that causes loosening of the femoral
stem. Accordingly, in this study, a titanium alloy (Ti-6Al-4V) was selected for the stem
material because of its lightweight, biocompatibility, good strength, corrosion resistance,
and flexibility [17,18]. However, the stiffness of bulk Ti-6Al-4V alloy (114 GPa) is still 5-
10-fold that of cortical bone (10-18 GPa), which may cause stress shielding. Stress shield-
ing is where the stiffer femoral stem takes more body weight, with insufficient load shar-
ing with the femur bone. As a result, the density of the bone close to the implant starts to
decrease [11,12,19,20]. The consequence of this is aseptic loosening of the stem [21-23],
which is one of the major factors for revision surgeries for THA [11,12].

Due to the inherent limitations on conventional manufacturing of femoral stems,
such as casting and machining, it is not possible to produce femoral stems with porous
cellular architectures to reduce the stiffness and give the unique shape for stability. It is
also costly and time-consuming to produce specifically customized implants for patients
using these traditional manufacturing processes. Introducing cellular porous structures
with different porosities is used to tailor the stiffness of the stem for mimicking bone prop-
erties [5-9]. Additive manufacturing (AM) technology allows the manufacture of such cel-
lular geometrical structures and provides flexibility to allow control of the shapes and
geometries as needed for each particular patient. Thus, AM can produce porous stems
with the desired stiffness to meet the biomechanical and clinical criteria for THA [24-27]
to overcome the aforementioned problems.

A previous study [21] has investigated longitudinal functionally graded stems. To
complete the understanding of functionally graded stems, it is vital to investigate the ra-
dial direction as well. Hence, the aim of this current study is to investigate the perfor-
mance of functionally graded porous structures in the radial direction of the femoral stem,
focusing on stress transfer and micromotions. The hypothesis in this study is that such
radial functionally graded porous structures will reduce stress shielding and promote
stem stability, the design focus being the level of porosity in the stems required to achieve
good biomechanical performance. The functionally graded structures in this study are de-
signed to have average porosities of 30%, 50%, and 70% in radial layers. A total of 15 de-
signs were generated and these designs were subjected to physiological loads mimicking
three walking speeds, namely, 1 km/h, 3 km/h, and 5 km/h. The commercially available
finite element software ABAQUS was used to simulate the stems using three different
walking speeds. The stresses in stem layers and proximal bone were calculated to estimate
the life of the stem and stress shielding, respectively. Computational analysis will be uti-
lized here, as it is an accepted means of investigating the performance of implant-related
devices [28-31].

2. Design Approach

This section describes several essential aspects: the model of porous microstructures,
computational characterization of these microstructures, design of porous stems, and the
mechanical response of these stems to biomechanical loading conditions.
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2.1. Design of Porous Microstructures

Three-dimensional models of square porous microstructures with different porosi-
ties were modeled in ABAQUS, as shown in Figure 1. These structures were simulated
under a compression test to obtain effective mechanical properties. A 3D cube cellular
structure (15 mm x 15 mm x 15 mm) was used with six different sizes of pores and strut
thicknesses, as shown in Figure 1. The minimum selected strut thickness was 0.3 mm due
to the resolution of the EOS M 280 printing machine. Multiple unit cells were introduced
into cubic samples of 15 mm dimensional length. The proposed designs were considered
with 12-23 unit cells enclosed within each dimensional direction of the cubic samples, as
shown in Figure 1. Plates were fixed on the top and bottom side of each cube; the top plate
was assigned a displacement boundary condition, whereas the bottom plate was tied up
with an encastre boundary condition. The bulk Ti-6Al-4V alloy material properties were
assigned to the porous structures. The assembly was meshed using C3D10 quadratic tet-
rahedral elements with a mesh size of 0.2 mm, which was used based on a sensitivity
study driven from stiffness convergence of a solid cube, as shown in Figure 2. Axial dis-
placement on the upper plate was applied to achieve the yield points with increment sizes
of 0.05 and with 20 increments to generate a more accurate value of the yield points and
modulus of elasticity. The volumetric porosity for the designed porous cubes was calcu-
lated based on Equation (1), which was derived from geometric calculations for the de-
signed porous cube. The designed cubes volumetric porosities were compared using the
mass properties option in ABAQUS.

Vp = L{N? (2Nt + 2t) (1)

where V) = volumetric porosity, Lz = cubic pore inner dimension, N = number of pores in
a single cube face, x = full cube dimension, and ¢ = strut thickness.

> s Tied between plates and cube
2%12x1?2 i o .
Il;:‘lftvl_sfl:;l cells el — Top rigid plate Unit Cell Cube
orosity 85 % g =SSz [0°£90°]
15x15x15 unit cells
Porosity 76%
Bottom rigid plate
: . Internal strut
18x18x18 unit cells Displacement .
. ) architectures
Porosity 62 %
LI
20x20x20 unit cells ] I
Porosity 50 % —
N
21x21x21 unit cells Fixed 1n all directions
Porosity 40 % Strut size
= E—N
Pore size
H N N
23x23x23 unit cells
Porosity 30 % H H N
H B N

Figure 1. Porous structure designs along with finite element model to study the mechanical proper-
ties.
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Figure 2. Sensitivity study to indicate the mesh size to which the modulus of elasticity converges
using a solid cube.

2.2. Design of Porous Stem

The mechanical properties of cubic structures (Figure 1) were used to design twelve
different functionally graded stems, as shown in Table 1 and Figure 3. The layer cross
sectional areas are 15.9 mm?, 17.3 mm? and 23.6 mm? for the core, layer 1, and layer 2,
respectively. The average porosities of the designed stems in the radial direction were
calculated based on Equation (2). They were grouped into three different sets, each set
having the same overall average volumetric porosity throughout the stem’s layers in the
radial direction. Three more designs, namely, design D5, D10, and D15, were considered
to represent the homogeneous volumetric porosities of 30%, 50%, and 70%, respectively.
A total of 15 designs were modeled, as shown in Figure 3. All designs were initially inte-
grated into 3D finite element models, as shown in Figure 4, to study the stiffness perfor-
mance of the designed stems concerning the intact femur bone. The setup shown in Figure
4 is per the ISO standard (ISO 7206-4).

(4%),, = (4%),
(4%),,
where A = the stem’s radial layer cross-sectional area, ¥}, = the stem’s radial layer volu-
metric porosity, (AV,)ry = average functionally graded porosity, along with the stem’s

layers, (AV,), = average homogeneous porosity along with the stem’s layers, and (1),
= stem homogenous porosity.

P= (Vp)n + 2)

Table 1. Porous functionally graded (FG) and homogeneous (H) designs introduced to stem redial
layers.

30% Overall Volumetric Porosity

Stem L FG-Design FG-Design FG-Design FG-Design H'D;mgn
em Layers 1(D1) 2 (02) 2 (O3) T o
(D5)
Layer 1

40% 20% A 10%

(L1-Core) 0% 0% 59% 0%
30%

Layer 2 (1 mm) 30% 30% 20% 0%

(L2)
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Layer 3 (1 mm)

(L3) 23% 37% 10% 43%
50% Overall Volumetric Porosity
Stem Lavers FG-Design  FG-Design  FG-Design = FG-Design H-Dle051gr1
Y 6 (D6) 7 (D7) 8 (D8) 9 (DY) D10)
Layer 1
OO 700 OO 1 OO
(L1-Core) 60% 37% 80% 0%
Layer2 (L mm) 55% 50% 77% 60% 50%
(L2)
Layer 3 (1 mm)
4 OO OO ]. OO 7 00
(L3) 0% 59% 0% 0%
70% Overall Volumetric Porosity
Stem Laver FG-Design = FG-Design  FG-Design = FG-Design H—Dle551gr1
em Layers 11(D11)  12(D12)  13(D13) 14 (D14)
(D15)
Layer 1
00 00 OO 4 00
(L1-Core) 80% 55% 90% 9%
Layer 2 (1 mm) 70% 70% 80% 70% 70%
(L2)
Layer 3 (1 mm) o o o o
(L3) 63% 80% 50% 85%
D11
80% 70%
i E i i 55%
D 13
85% 70%

(@)

(b)

ii 49%

D15
70%

70%
70%

(©)

Figure 3. Porous functionally graded and homogeneous designs introduced to stem redial layers:
(a) average porosity of 30%, (b) average porosity of 50%, (c) average porosity of 70%.
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Figure 4. Finite element analysis of dense and porous Ti stems according to the ISO 7206-4 standard.

The stem distal end was fixed in epoxy (3.7 GPa), with specific orientations identified
in ISO 7206-4, as shown in Figure 4. Then, the stem was tied together with the epoxy,
while the epoxy was constrained to move or revolve in any direction. Fine meshes and
tetrahedral elements were employed and a 2250 N force [32] was applied on the head of
the stem using a 0.1 increment size in 10 increments. The material properties of the bulk
Ti and designed porous structures (Table 1) were assigned to the stems based on the sim-
plified FE model to reduce design time and computation [24]. The proximal part of the
stem was assigned with bulk Ti material properties.

To study the effect of the designed porous stems on stress reduction and micromo-
tion, it is vital to use a finite element model that incorporates the stem and femur bone
along with proper physiological loads. This finite element model has been adopted in pre-
vious studies conducted by the authors [5-9]. Three-dimensional models of homogeneous
and functionally graded stems (D1-D15) were assembled with femurs using surface-to-
surface contact with a coefficient of friction 0.4, and the assembly was inserted into a cy-
lindrical shape epoxy. The bone was tied with the epoxy and restricted to move or rotate
in any direction [33-35]. The 3D model of the femur was constructed using computed
tomography (CT) scanned images of a patient femur, as explained in previous studies
[5,36]. Cortical and trabecular bone were considered homogeneous and linear elastic
isotrobic material, respectively, with material properties as listed in Table 2 [25,36,37]. The
bone was subjected to three physiological loads, namely, Po, P1, and P2, where Po is the hip
contact force and P1 and P2 are muscular forces attached to the femur. These forces were
calculated based on the loading of our conditions which are unique and have not been
used before [38], as shown in Figure 5a. Table 3 displays these forces in their components
(Ex, Fy, Fz). The direction cosines for these component forces were obtained from previous
studies [32,38]. The simulation was carried out for three different walking speeds, 1 km/h,
3 km/h, and 5 km/h. The peak hip contact forces used in percent of body weight (%BW)
were 293%, 352%, and 471% for walking speeds of 1 km/h, 3 km/h, and 5 km/h, respec-
tively [39,40]. For this study, a human body weight of 900 N was assumed. The assembly
was meshed using C3D10 quadratic tetrahedral elements with a mesh size of 3 mm, which
was used based on a previous sensitivity study [24]. Bone Gruen zone locations [41] were
identified, as illustrated in Figure 5b. These zones will be used for identifying the stress
transfer to the bone from the designed stems at the predefined loading conditions.
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Table 2. Femur material properties utilized for the finite element model [21,33] (Hedayati et al.,
2016; AA Oshkour et al., 2014b).
Young's Modulus (GPa) Shear Modulus (GPa) Poisson’s Ratio

Bone Material

Spongy bone
(trabecular bone) 0.4 0.3

Ex=11.5 ny =3.6 Vxy = 0.51
Cortical bone Eyy=11.5 Gyz=3.3 vyz=0.31
Ex=17 Gyz =33 Vyz = 0.31
Ventral plane Lateral plane Body weight load
Po
Ve N,
I \
Muscle load
Orientation 10° Orientation 9° P1
Muscle load
E P2
8
Epoxy

(Tube filled with Resin)
z

t—o X

Fixed in all
directions

Trabecular
Bone

Medullar
Cavity

(b)
Figure 5. Finite element analysis of stemmed femur: (a) complete finite element model with applied
physiological loads, (b) bone Gruen zones
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Table 3. Body weight and muscular loads for different walking speeds [39,40] (with reference to
Bergmann et al., 1993, Heller et al., 2005).

Force 1 km/h 3 km/h 5 km/h
(BOdy Welght Used o/oPo (Po = 2930/0 BW) (Po = 3520/0 BW) (Po = 4710/0 BW)
BW =900 N) Fx Fy F- Fx Fy F: Fx Fy F-
Po 100 -599 -363 -2542 -719 -437 -3054 -962 -584 -4086
P 44 643 8.0 959 772 573 1152 1034 76.7 1542

Pliensorfasdatane proimal o 20 5 109 146 959 154 175 128 206 2354

part

P1-tensor fascia latae, distal part 8 -55 -78 210 -6.7 -93 -253 -89 -125 -338
P2 40 -10.0 205 -1030 -12.0 246 -1237 -16.0 329.9 -1656

3. Results and Discussion

For validation purposes, the finite element model of the porous structure used in this
study (Section 2.1) was validated with another study [42] that used a cobalt-chrome alloy,
as shown in Figure 6. For this validation purpose, the only change made to the existing
model is the material property. The cobalt—-chrome alloy was selected for the purpose of
comparison with existing work reported in the literature. As shown in Figure 6, the finite
element model used in this study produces stiffness levels very close to the published

work [42].
120.00
100.00 N
\ ~FEA
©
Q. ‘\
2 80.00 ~Kevin et al.
o ) \
S
-]
=]
2 60.00
KT
3
R
(5%}
£ 40.00
]
2
i
20.00
.
0.00
20.00% 40.00% 60.00% 80.00% 100.00%

Porosity %

Figure 6. Validation of porous structures against FEA results of Kevin et al.

3.1. Mechanical Properties of Porous Cubic Structures

The validated computational model was used to study the stress—strain behavior of
the varying porosity cellular structures used in this study. The obtained stress—strain re-
sponses with different porosities are shown in Figure 7. This figure also shows the stress—
strain response of the bulk Ti with similar dimensions. The effective Young’s modulus of
the bulk Ti block was found to be 123.6 GPa, which agrees with the result of Hedayat et
al., where the Young’s modulus was found to be 122.3 GPa. It was observed that the yield
strength and Young’s modulus increases with decreasing structure porosity, as shown in
Figure 8. The results obtained from the finite stress—strain element analysis were used to
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design the stems (effective Young’s modulus and effective yield strength). Several func-
tionally graded porous designs in the radial direction were developed to achieve the con-
sistent average volumetric porosities of 30%, 50%, and 70%, as listed in Table 1 and illus-
trated in Figure 3.

—e—85% porosity .

—e—76% porosity .

+—62% porosity .
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~e—40% porosity .

~e—30% porosity .

—o—BulkTi .

0.0020 0.0040 0.0060 0.0080 0.0100 0.0120 0.0140

Strain (mm/mm)

Figure 7. Stress—strain diagram for the designed porous cubes with relevant volumetric porosities.

450 80
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&
T 350 S
o w
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Eo =
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o oo
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o g B
£ 150 g
(] b=
& 20 ™
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Figure 8. Effective yield strength and effective Young’s modulus with varying porosities obtained
from the finite element simulation.
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3.2. Biomechanical Performance of Stems

Force—displacement diagrams were plotted for both bulk Ti and the porous stem
structures of the stem—eboxy model illustrated in Figure 4 and the results were compared
with the intact bone [42] force—displacement response (Figure 9). The stiffness of the po-
rous stem was increased as the volumetric porosity decreased. It is also obvious from the
force-displacement curves (Figure 9) that the stems designed with 70% volumetric poros-
ity (functionally graded and homogeneous) were found to offer the best match with the
force-displacement diagram of the intact bone. Designs D12 and D14 presented stiffnesses
of 361 N/mm and 417 N/mm, respectively, as compared to the intact bone stiffness (375
N/mm) and the bulk Ti stem (2149 N/mm). However, yielding for all stems with an aver-
age volumetric porosity of 70% at an applied force of more than 1500 N was observed, in
agreement with the findings of previous studies [7,34]; this is attributed to the stresses
applied at 2250 N exceeding the yield stresses of the equivalent porous material.

2500

2000

1500

Force (N)

=
(=}
(=3
o

——-D1 —-D2
D3 D4

+—D5 +—Bulk Ti Stem

500

—e—|ntact Bone

0
0 1 2 3 4 5 6 7
Displacement (mm)
(a)

2500

2000
—~ 1500 /
S /
< f
@ /
b /
S $
“ 1000 '

——D6
D8 D9
——D10 —e—Bulk Ti Stem

—-D7

500

—e—|ntact Bone

0 1 2 3 4 5 6 7
Displacement (mm)

(b)
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2500

2000

1500

Force (N)

1000

—-D15 ——D14

500 D13 D11

—-D12 —e—Bulk Ti Stem

—e—|ntact Bone

0
0 1 2 3 4 5 6 7
Displacement (mm)
(c)

Figure 9. Force-displacement diagram for stem designs with (a) 30%, (b) 50%, and (c) 70% volumet-
ric porosities, respectively, along with intact bone and bulk Ti stem.

FE models of stem implanted in the bone were validated with the model of Jette et
al. [34]. Bulk Ti stem was implanted inside the bone, as illustrated in Figure 10, and sub-
jected to a concentrated load of 3000 N applied in ten increments. The displacement was
tracked at a selected point on the bone head. Force-displacement data were plotted and
compared with Jette et al.’s experimental results; a strong agreement was noticed between
the two models, as shown in Figure 10. It can be concluded from this validation that the
difference in implant geometry between Jette et al. and our model has less impact on the
results.

3000

2500

3000N

Selected
_~ Point

Jette et al. FEA
2000

1500

1000

Applied Force (N)

500 ¢ |
t_. x ! Fixed inall

directions

0 2 4 6 8 10 12
Total Displacement (mm)

Figure 10. Stem—-bone assembly validation.
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3.3. Assessment of Stress Shielding and Micromotions

The stress shielding assessment was performed to evaluate the performance of the
stems based on stress distribution along the Gruen zones resulting from the load transfer
from the implanted stem to the femur bone. The maximum von Mises stresses for the
cortical bone (1-7 Gruen zones) and trabecular bone (1, 2, 6, and 7 Gruen zones), which
have direct contact with the stem, were indicated. In general, to reduce stress shielding,
an implant should transfer some of the stresses to the bone. The stresses obtained for the
15 functionally graded (FG) designed stems and bulk Ti stem implanted in the femur for
the three different walking speeds (1, 3, and 5 km/h) are shown in Figure 11. From these
plots, it can be seen that porous Ti stems perform better than bulk Ti stem in terms of
reducing stress shielding (high stress values in the bone). There was almost no obvious
difference between the FG designs for each average porosity used (30, 50, and 70%), re-
gardless of the walking speed for both areas of the cortical and trabecular bone. The stress
transfer to the bone and percent of the reduction in stress shielding is obvious, as shown
in Figure 11 and indicated in Table 4. Stress shielding was calculated based on the percent
of stress transfer to the bone of the designed FG stems compared with the bulk stem. The
transfer of the stresses at the trabecular bone from the designed FG and homogeneous
porous stems was more than double that in the bulk stem, indicating a sufficient reduction
in stress shielding.

Trabecular Bone Trabecular Bone Trabecular Bone
30% Porosity - 1km/hr Walking Speed 50% Porosity - 1Kkm/hr Walking Speed 70% Porosity - 1Km/hr Walking Speed
60
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-~ ~50 | -~
¢ o ; g 40
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% 30 30 w30
¢ 20 "03 “ a0 a0 5 0 w01
a1 |||| "4 10 0o b i 1Y
o Ul Ll [/l ——— 0 il Y [l ”|I|||| I ——
lomo 30%, A lomo 70%
G1 62 63 G4 65 G6 67 6162 G3 64 65 Gg 67 | MHomoS0k 0
Snan T B Dense stem RT— HDense stem G1 G2 G3 G4 G5 G6 G7  mDensestem
Gruen Zones
(a)
Trabecular Bone Trabecular Bone Trabecular Bone
30% Porosity - 3Km/hr Walking Speed 50% Porosity - 3Km/hr Walking Speed 70% Porosity - 3Km/hr Walking Speed
80 80 80
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O o T il o il it il o " Ik nnlll o
G1 62 G3 G4 G5 G6 G7  WDI0(Homo 30%) G1 G2 63 G4 G5 G6 G7  WDL0(Homo50%) 61 62 G3 G4 65 G6 G7  'WDI5(Homo70%)
Gruen Zones M Dense stem Gruen Zones 0 Dense stem

Gruen Zones B Dense stem
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Figure 11. Stresses at Gruen zones of the functionally graded porous stems and the bulk Ti stem for
proposed designs for different walking speeds: (a) 1 km/hr, (b) 3 km/hr, () 5 km/hr.

Table 4. Stress transfer percentages of the functionally graded porous stems in comparison to the
bulk Ti (reduction in stress shielding).

1 km/hr
Design Location G1 G2 G3 G4 G5 G6 G7
30% Porosity Trabecular bone 27.1% 94% 25% 12% 49% 10.4% 35.9%
50% Porosity Trabecular bone 35.8% 122% 4.5% 18% 6.6% 16.1% 48.1%
70% Porosity Trabecular bone 46.1% 20.3% 6.6% 28% 8.6% 22.3% 62.6%
3 km/hr
Design Location G1 G2 G3 G4 G5 Ge6 G7
30% Porosity Trabecular bone 21.8% 9.5% 22% 15% 52% 102% 36.1%
50% Porosity Trabecular bone 31.8% 123% 4.3% 22% 7.0% 16.0% 48.4%
70% Porosity Trabecular bone 41.4% 19.8% 6.6% 35% 91% 221% 63.1%
5 km/hr
Design Location G1 G2 G3 G4 G5 G6 G7
30% Porosity Trabecular bone 20.3% 10.5% 22% 22% 58% 99% 36.6%
50% Porosity Trabecular bone 30.5% 12.9% 4.1% 33% 7.8% 159% 49.2%
70% Porosity Trabecular bone 40.0% 192% 6.8% 52% 102% 22.4% 64.9%

It can be concluded from Figure 11 and Table 4 that the stress transfer from the stem
to the bone at Gruen zone 7 increases as the porosity increases, which is associated with
lower stiffness at a higher volumetric porosity percentage. These findings agree with pre-
vious studies [8,24,34]. It is also evident that the highest stress transfer to the bone at the
proximal area is depicted at Gruen zone 7 for all porous stem designs, which is highly
required to avoid failure of the hip stem due to stress shielding [21,43], as this zone is
susceptible to bone resorption [44]. The distal parts of the stems have higher stress values
than the proximal parts, with the maximum value of the stress transfer to the bone for all
porous stem designs being found in Gruen zone 4, which is in agreement with the results
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reported in the literature [21,22,25,43,45]. The inadequate stress transfer to the bone for all
porous stem designs at zones 3, 4, and 5 is attributed to the proximal load transfer to the
bone, and there is no direct contact with the stem at these areas, this being attributed to
torsional stress induced by the applied load [21].

The stresses in the FG stems’ assigned radial layers L1, L2, and L3 (Figure 5) for all
proposed 15 FG designs, and the bulk Ti stem are shown in Figure 12. It can be observed
that the stresses in the bulk Ti stem are higher than the stresses in the FG stems; however,
the stress distributions along the FG stems’ layers were varied, which is attributed to the
difference in the Young’'s modulus of each porous layer. By studying the yield stress val-
ues for each of the stems’ layers, all FG designs were found safe at a walking speed of 1
km/h, except for design D12, in which the stress value at the outer layer is equal to the
yield stress associated with 80% porosity. Designs 1, 3, and 8 are safe at 3 km/h walking
speed and none of the fifteen designed stems were found to survive at the 5 km/h walking
speed due to high stress values which exceeded the yield stresses associated with the po-
rous layers. Most patients receiving THAs usually have a gait speed of less than 2 km/h
[46,47]. Detection of a stem’s failure (FS) is calculated as the ratio between the maximum
stress found within the stem’s layer (YLmax) and the yield strength associated with the
porosity value assigned to the referenced stem’s layer (YsL):

FS = YLmax/YSL (3)

An FS value > 1 for any of a stem’s layers implies that the stem will fail/yield.
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Figure 12. Von Mises stresses at the FG stems’ layers and the bulk Ti stem: at (a) 1 km/hr, (b) 3
km/hr, and (c) 5 km/hr walking speeds.

Micromotion at the stem-femur interface was studied for the proposed designs, this
information being vital to evaluate bone tissue ingrowth, a micromotion value of more
than 150 um being considered excessive and liable to result in the instability of the implant
[6,9]. The average micromotion of the proposed designs is illustrated in Figure 13. Stem
designs with an average porosity of 70% showed the maximum micromotion values to be
greater than 150 um at 3 km/h and 5 km/h walking speeds besides the design with 50%
porosity at 5 km/h, which is attributed to the low stiffness values of the higher porosity
stems and the loading conditions associated with the walking speed. These findings agree
with the previous studies [8,25]. These designs are highly susceptible to aseptic loosening,
which may lead to premature failure of the stem.
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Figure 13. (a) Maximum micromotion and (b) average micromotion of the designed FG stems vs.
the bulk stem at 1, 3, and 5 km/hr walking speeds. (¢) Graphical representation of micromotion in
the bone (typical example).

4. Conclusions

Three-dimensional finite element models of cubic porous cellular structures were
built with porosity values of 30-70% representing fifteen different designs using different
arrangements of volumetric porosities within the stems’ layers. The stems were subjected
to physiological loads corresponding to three walking speeds (1 km/h, 3 km/h, and 5
km/h). The von Mises stresses at femur Gruen zones and stem layers and the stems’ mi-
cromotions were calculated. The conclusions obtained from this study can be summarized
as follows:

e  Stems with 70% average porosity were found to have the best match with the intact
bone mechanical properties for the stem inside the epoxy model.

e  Functionally graded porous stems tend to transfer higher stress values to the bone
compared to the bulk stem for all physiological loads associated with the three stud-
ied walking speeds.

e  Micromotion values increased as the porosity and physiological loads/walking speed
increases. Hence, the patient is to be advised to walk at a low speed to prevent the
stem’s micromotion, which affects bone tissue ingrowth leads to failure of the im-
plant.

e  Designs associated with stems with an average porosity of 70% at all walking speeds
and 50% at 5 km/h walking speed are considered to have failed in terms of micromo-
tion.
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o  FG stems of Designs 1 and 3, with 30% average porosity, and Design 8, with 50%
average porosity, create moderate interfacial micromotions and enough stress trans-
fer to the bone without yielding. Hence, these designs are recommended as the most
suitable candidates to be considered for further studies (fatigue analysis).
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