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Abstract: Artificial hip joints are used to replace damaged or diseased natural joints. When the stress that is typically
applied to the bone changes because the implant and bone are different in stiffness, a phenomenon known as stress shielding
occurs. Stress shielding can lead to bone weakening through reduced density and aseptic loosening in the long term. Studies
are ongoing to overcome this phenomenon through geometric design, the use of materials with a low modulus of elasticity,
or latticed implants. In this study, the effect of lightening the hip prosthesis with lattice structures on stress shielding is
investigated using finite element simulation. The femoral stem of a solid hip prosthesis was lightweighted, with a re-entrant
honeycomb auxetic cellular lattice structure, and structural analysis was performed. Two different lattice orientations were
used, and it was observed that the stress distribution was more homogeneous in both orientations. In these femoral stems,
which can be easily produced using additive manufacturing methods, a volume reduction of up to 6% was achieved. The
stress transmitted to the bone increased by more than 36%, depending on the orientation, which is a promising result for
reducing the stress shield effect.
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1. Introduction

Hip implants are medical devices that are used to replace
damaged or diseased hip joints. Total hip replacement
(THR) or total hip arthroplasty (THA) procedures are
performed to alleviate pain, restore mobility, and im-
prove the quality of life for patients who suffer from con-
ditions such as arthritis or hip fractures [1,2].

The most common metals used to manufacture artifi-
cial hip joints are pure or alloyed titanium, owing their
strength, durability, and biocompatibility. Among tita-
nium alloys, Ti6Al4V is the preferred alloy for this pur-
pose. Other metals used in artificial hip joint manufac-
turing include cobalt-based alloys such as CoCrMo and
316L stainless steel [2,3].

Common complications associated with hip implants in-
clude infection, dislocation, loosening and stress shield-
ing. In some cases, revision surgery may be necessary to
correct these problems. Stress shielding is a phenomenon
that occurs when the stress that is normally applied to
the bone is altered due to the stiffness difference between
the implant and the bone. Because the bone is a living
structure, its properties change according to the load it
carries. Stress shielding can weaken the bone and lead

to implant failure. To reduce the risk of stress shielding,
implants are designed to have stiffness and elastic prop-
erties that are similar to those of the surrounding bone
[1,3,4].

Lattice structures are hollow structures with periodical-
ly arranged three-dimensional (3D) unit cells with high
strength-to-weight ratio properties and can be used to
lighten structures [5]. Lightweighting an implant can re-
duce its stiffness, allowing for more natural bone load-
ing, and potentially reducing the risk of stress shielding.
Latticed structures are becoming an increasingly popu-
lar choice for lightweighting load-bearing implants ow-
ing their unique properties and ability to promote bone
growth. In addition to promoting bone growth, latticed
structures can help distribute the load more evenly,
thereby improving the long-term performance of the im-
plant. However, lightweighting should not compromise
the strength and durability of the implant [4,6,7].

Several different types of lattice structures are used in
load-bearing implants, including honeycomb, gyroid and
diamond. Each type of lattice structure has unique prop-
erties and characteristics that can affect its suitability for
different applications. Through additive manufacturing
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(AM), patient-specific or complex three-dimensional ob-
jects, such as lattice structures, can be created cost-ef-
fectively by adding materials layer by layer. Unlike tradi-
tional manufacturing methods, which involve removing
material from a solid block or bringing the parts together
to make up a whole, additive manufacturing creates an
object from scratch and is well-suited for the production
of lattice structures [8-10].

Finite Element Analysis (FEA) is a useful tool for predict-
ing stress distribution on implants and the potential im-
pact of stress shielding. By using FEA, professionals can
optimize the design of implants to improve their stability
and longevity. The results of FEA simulations can also
provide insight into the behavior of implants under dif-
ferent loading conditions, allowing for the development
of more effective implant materials and designs [11-13].

Previous studies have investigated various lattice struc-
tures that can be used for prosthetics. The focus was
mainly on lattice shapes, load directions, strain distri-
butions, the creation of porous devices by material ex-
traction, and the study of stiffness matrices [9,12,14-16].
Liu et al. investigated the effect of several different stem
types and different auxetic designs on stress shielding
and reported that although the results varied with stem
type and Gruen zones, auxetic stems caused less stress
shielding than their solid counterparts [17]. Alderson
et al. introduced an auxetic modular stem to strength-
en fixation at the distal end of the stem but did not
consider stress shielding in the femur [18]. The effect of
maximum stress and deformation in hip implants was
studied for sixteen types of beam-based trusses by Izri
et al. [19]. Chen et al. created a composite structure by
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combining positive and negative Poisson’s ratio materi-
als [20]. Recently, several more auxetic structures have
been designed and their various mechanical properties
have been analyzed [21,22]. However, scientific literature
showing the effect of auxetic structures in hip prostheses
is not extensive.

In this study, a finite element analysis of a hip prosthesis
designed with a lattice whose body core has a re-entrant
honeycomb auxetic cellular structure was performed in
comparison with a solid prosthesis. Two prostheses with
differently oriented lattice structures were designed. Fi-
nite element analysis was used to obtain an integrated
simulation of prostheses placed at appropriate angles
inside a cylinder representing the femoral bone. The ef-
fects of the structural difference of the prostheses on the
stress distribution of the whole model were investigated
by simulating static loading.

2. Materials and Methods

The initial 3D CAD model of the femoral stem of a hip
prosthesis and a cylinder representing a simplified fem-
oral bone was designed using SolidWorks® software
(v2020, Dassault Systemes SOLIDWORKS Corp., 2020).
The design was created uniquely for this study by ana-
lyzing various scientific sources and manufacturers’
product specifications (dimensions, curvature, etc.). The
CAD model was then imported to the nTopology® soft-
ware (v3.45, nTop, 2023) and converted into an implicit
body, replacing the core with a lattice structure. The lat-
tice consisted of a re-entrant honeycomb auxetic cellular
structure with 4x4x4 mm? unit cell and 1 mm thickness.
A re-entrant honeycomb, which is an auxetic structure,

iy

o
il
1y
Lo

OO
¢
2
xl
x!
)¢
Ty

T
13
3

X
Ty

A
I
1§
)¢
I
v

0
1
i
A

N
H
b
4

I
I
T
S

1
1
I
)/

0
i
) €

a6
1666
g

¢

Figure 1. a) Solid femoral stem, b) WUV femoral stem, c) WVU femoral stem, d) WUV unit cell, ) WVU unit cell
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was chosen because these structures have negative Pois-
son’s ratios and thus exhibit lateral contraction upon
axial compression. They also exhibit exceptional shear
stiffness, good fracture toughness and high energy-dissi-
pation ability [23]. The re-entrant hexagonal honeycomb
is the most versatile auxetic structure in terms of the me-
chanical properties it can achieve. The negative Poisson’s
ratio characteristic of this structure allows the desired
combination of mechanical properties to be created. In
addition, compared to BCC or FCC structures, the hol-
low interior and relatively simple geometry of this struc-
ture make it easy to produce by additive manufacturing
[24]. Two different orientations, termed WUV and WVU,
were used. Therefore, the lightweighted femoral hip
stems were referred to as such. The U, V, and W coordi-
nates are essentially mapping coordinates used for 3D vi-
sualization and they are parallel the relative directions of
the global X, Y, and Z coordinates, respectively. Figure 1la
shows the solid hip stem, Figures 1b and 1c lightweighted
stems and Figures 1d and 1le show the corresponding unit
cells. Once the lightweighting of the bodies was com-
plete, the implicit bodies were converted back to CAD
bodies and exported as Parasolid files. These files were
then imported into SolidWorks® and assembled with the
simplified cylindrical bone model at distances and angles
specified in the relevant standards. The assembled mod-
els were imported into ANSYS® Workbench Mechanical
(R2021, ANSYS Inc., 2021) for static structural analysis.

80 mm

175 mm
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The boundary conditions for performing finite element
analysis of non-modular femoral stems were applied ac-
cording to ASTM F2996, and the loading conditions were
considered as follows ISO 7206-4. The ISO standard re-
quires 10° adduction and 9° flexion combined with a ver-
tical test load; this level of adduction places the stem in
a neutral position [25,26]. The cylinder was constrained
from the bottom by a fixed support that constraints all
degrees of freedom meaning that the selected face does
not move in any direction and the displacement was con-
strained circumferentially in the X and Z axes (allowing
displacement in the Y axis) as the 2300N load, which is
the maximum load specified in the ISO standard and
corresponds to the four times the average body weight,
was applied in the negative Y axis direction. The contact
between the stem and bone was defined as “bonded” to
simulate a well-integrated cementless prosthesis. Bond-
ed contact ensures that there is no sliding or separation
between mating bodies, faces or edges, such that they are
glued or welded together. Once the contact is defined
in the model, small gaps between the mating bodies are
closed. The boundary conditions, stem dimensions and
stem positioning are illustrated in Figure 2.

Femur bone was considered isotropic linear [27]. Isotro-
pic non-linear Ti alloy was selected from the software
library as the hip implant material. The material proper-
ties used for the study are given in Table 1.

Q‘ B Fixed Support
B Force: 2300, N
|€] Displacement

Figure 2. Boundary conditions, stem dimensions and positioning of the hip stem.
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Table 1. Mechanical properties of used materials

Young’s Pois-

Material Modulus [D?:rsrlg] son’s Ylel?;gae]ngth
[GPa] 8 Ratio
Femur (Cortical
Bone) [28] 20 1.8 0.35 210
Titanium Alloy 9% 462 0.36 930

(29]

Since the smallest geometric dimension in lattice-struc-
tured hip stems was 1 mm, the mesh size was chosen as
0.25 mm. Although it is not ideal to choose such a small
mesh size as it would increase processing time and sys-
tem resources required, it was necessary to ensure that
models were minimally affected by mesh defeaturing.
The structural energy error (SERR) estimation, a mea-
sure of the discontinuity of the stress field from one
element to another [30], was used to assess the quality
of the mesh. Especially due to the complex geometry of
the latticed stems, the mesh element selection was per-
formed as program controlled. SOLID187 element was
used for the bodies and CONTA174 and TARGE170 el-
ements were used for the contact areas. As the results
of the analyses, equivalent (von-Mises) stress, equivalent
(von-Mises) strain and total deformation values were ob-
tained for both stem and bone. Since stress and strain
would be in a complex state consisting of normal (tensile
or compressive) and shear stresses when geometry and
boundary conditions are taken into account, Von-Mises
magnitudes were preferred, which are theoretical values
that allow a comparison between the three-dimensional
stress state and the uniaxial tensile yield limit. In complex
physical structures, a set of differential equations can be
expressed to analyze stresses due to external influences.
However, it is not possible to solve such equations exact-
ly. Therefore, the structure needs to be approximated by
a mesh model, i.e. a set of finite elements (FE) connected
at nodes. Application of load and mesh grit can be seen
in Figure 3a and Figure 3b, respectively and the number
of elements and nodes are given in Table 2.

Table 2. The number of elements and nodes generated by meshing.

Number of Total Number of
Elements Nodes
Solid stem 577994 850429
WVU lattice stem 2380840 3746263
WUV lattice stem 2326540 3742003

3. Results and Discussion

The solid femoral stem volume was 32263 mm? (149.06
g). By implementing the lattice structure, the volume was
reduced to 27336 mm? (126.29 g) for the WUV femoral
stem and 26890 mm? (124.23 g) for the WVU femoral
stem, which corresponds to 15.27% and 16.65% lighten-
ing of the WUV and WVU stems, respectively.

European Mechanical Science (2023), 7(3): 128-137

Equivalent stress and total deformation of the solid stem
are given in Figure 4. Considering the yield strength of
the titanium alloy given in Table 1, the stem showed a
maximum stress of 401.32 MPa and a total deformation
of 1.3061 mm and it could safely carry the applied load.
In Figure 4a it could be seen that, as expected, some load
and therefore stress was also transferred to the bone.
In Figure 4b, the undeformed stem is also shown and
marked. Considering that the applied load was the max-
imum value specified in the standard, it can be said that
the amount of deformation suffered by the stem was rela-
tively low. Since the equivalent elastic strain distribution
is the same as the stress, the relevant values are given in
Table 3, although they are not given visually.

The stress distribution on the solid stem is shown in Fig-
ure 5. It is seen that the stress was concentrated in the
contact zone of the antero-lateral aspect of the stem and
the bone. Also, the stress was very low in the upper part
of the stem, which has a significant part of the materi-
al mass. There was also some stress concentration at the
root of the femoral neck, reaching 63.4% of the maxi-
mum value.

B Force: 2300, N
Components: 0,,-2300,,0,

d

80,00 (mm)

Figure 3. a) Application of load, b) mesh grit
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Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1s

. 401,32 Max

356,73
312,14

— 267,56

- 222,97
178,39

B 1338

89,216
I 44,63
0,0445792 Min

[&]

Type: Total Deformation
Unit: mm
Time: 1s

1,3061 Max
1,1611

1,016

0,87087

0,72578

0,58069

0,4356

0,29051

0,14542
0,00033364 Min

[b]

Figure 4. a) Equivalent stress and b) total deformation of the solid stem-bone couple

Table 3. Results obtained for the solid stem and femoral bone.

Equivalent Max. Stress [MPa]

Equivalent Max. Strain [mm/mm]

Total Deformation [mm] Structural Error [mJ]

Femur 241.78

Titanium Alloy 401.32

0.0121
0.0043

0.0310 0.0034

1.3061 0.0073

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

401,32 Max
. 356,73
= 31214
— 267,56

| 22297
17839

1338

89,216
l 44,63
0,044579 Min

0,00
]

15,00

Figure 5. a) Stress distribution, b) neck region of the solid stem

Total deformation, equivalent elastic strain and equiva-
lent stress distribution of the bone are given in Figure 6.
The equivalent stress, although limited to a few elements,
exceeded the yield stress value defined for femoral bone.
However, looking at the whole structure, it could be said
that the stress was relatively small.

The stress distribution of the WUV femoral stem is
shown in Figure 7. According to the figure, it could be
said that the stress is relatively more homogeneously dis-
tributed due to the lattice structure. In the upper parts

@ European Mechanical Science (2023), 7(3): 128-137

60,00 (mm) | 0,

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time:1s

. 401,32 Max
356,73
312,14
267,56

o 222,97
178,39

B 1338

89,216
I 44,63
0,044579 Min

40,00 (mm}

10,00

of the stem, where the stress was minimal in the solid
structure, stress transfer occurred through the lattice
and the stress was not concentrated at the point of con-
tact with the bone (Figure 7a). The maximum equivalent
stress appeared to be about 2.6 times larger than that of
the solid stem. However, as can be seen in Figure 7b, these
extreme values were limited to a handful of elements.
These elements were especially present in the sharp cor-
ners of the lattice elements, and it is believed that this can
be eliminated by further improving the mesh quality. In
Figure 7c, it could be noted that the stress remained at

https://doi.org/10.26701/ems.1287321
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Type: Tatal Deformation
Unit: mm
Timei 15

Type: Equivalent (von- Mises) Stress
Unit: MPa
Time: 15

0,030961 Max
0027521
0.024081
0020641
072N
0013761
001032
0.0068803
00034402

0 Min

241,78 Max
|| 214,94
= qean
151,26

56
I 021363 Min

60,00 mm)

Type: Equivalent (von-Mise:
Unit: MPa
Time: 1

. 1069,4 Max

950,55
831,74
71292

l 5941
475,28
356,46

237,65
I 11883
0,012365 Min

nt Elastic Strain

0,012101 Max
0010758
00094145
00080712
00067277
00053943
00040409
0,0026375
0,0013541
1,0681e-5 Min

[
Ve

748,56

1
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Figure 7. WUV femoral stem a) stress distribution, b) local maxima, c) stress values of antero-lateral region, d) neck region

a reasonable level (below yield strength of the material)
in the antero-lateral region of the stem. Figure 7d shows
that the stress concentration encountered in the femoral
neck of the solid stem was absent in the latticed stem,
thus reducing the possibility of failure in this region.

The stress distribution of the WVU femoral stem is given
in Figure 8. Once again, it could be said that the stress
was more homogeneously distributed due to the cage
structure and the distribution was similar to that of the
WUYV stem (Figure 8a). The maximum equivalent stress
was about 2.4 times that of the solid stem in this lattice
structure. However, again as in the previous lattice struc-
ture and as can be seen in Figure 8b, these high values

European Mechanical Science (2023), 7(3): 128-137

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

1069,4 Max
950,55

831,74

712,92

594,1

475,28

356,46

237,65

118,83
0,012365 Min

were limited to some elements at the corners of the lat-
tice. Figure 8c illustrates that the stress in the antero-lat-
eral region of the stem and in the lattice was below the
yield strength. In Figure 8d, it can be seen that the stress
in the neck region was also low in the WVU stem. The
stress, strain, and deformation values of the WUV and
WVU lattice stems and the corresponding femur bone
are summarized in Table 4.

The ISO 7206 standard, which was taken as a reference
for the analysis, defines the maximum allowable defor-
mation of hip stems as 5 mm. Since both solid and lattice
stems showed total deformation values below this value,
they can be considered as compliant with the standard.

https://doi.org/10.26701/ems.1 287321 @
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Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

. 954,92 Max

848,82

B 74272
636,62

. 530,53
42443

31833

21223
I 106,13
0,030136 Min

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1s

954,92 Max
] 848,82
742,72
636,62
520,53
42443
318,33
212,23
106,13
0,030136 Min

Figure 8. WVU femoral stem a) stress distribution, b) local maxima, c) stress values of antero-lateral region, d) neck region

Table 4. Results obtained for WUV and WVU femoral stems and their mating bones.

Equivalent Max. Stress [MPa]

Equivalent Max. Strain [mm/mm]

Total Deformation [mm] Structural Error [mJ]

WUV lattice stem 1069.4 0.0112 2.7269 0.0156
Femur (WUV) 329.6 0.0172 0.0314 0.0015
WVU lattice stem 954.92 0.0100 2.3375 0.0059
Femur (WVU) 279.87 0.0144 0.0283 0.0012

From the stress distributions in the WUV and WVU
latticed stems, it was understood that the high maxi-
mum equivalent stress values were only found in certain
nodes or elements, while the stresses were at safe levels
throughout the prostheses. In order to demonstrate this,
a frequency analysis was performed by taking the stress
values of all elements in all three stems. The histograms
obtained are given in Figure 9.

When the histograms were analyzed, it was found that
only 0.433% of the elements in the solid body showed
stress values higher than 260 MPa, while 0.495% of the
elements in the WV U lattice body exhibited stress values
higher than 400 MPa. In the WUYV lattice stem, 0.45%
of the elements displayed stress values higher than 400
MPa, while 1.365% of the elements had values higher
than 400 MPa.

Since the structures under investigation were auxetic,
directional deformations could provide important infor-
mation as well as total deformation. Directional defor-
mation values for all three stem structures are given in
Table 5. On the other hand, these values cannot be di-
rectly used for Poisson’s ratio calculation since the stems

@ European Mechanical Science (2023), 7(3): 128-137

were positioned at certain angles to the global coordinate
axes in the femur as specified in the ISO standard. How-
ever, it can be argued that the fact that the auxetic lattice
was in a rigid frame prevented the formation of a negative
Poisson’s ratio.

Table 5. Directional deformations of stems.

Directional Directional Directional

Deformation, Deformation,  Deformati-

X[mm] Y [mm] on, Z[mm]
Solid stem 0.9380 -0.6306 -0.7789
WVU lattice stem 1.6624 —-1.0042 -1.4882
WUV lattice stem 2.057 -1.2109 -1.5643

The femur bone stress distributions of both latticed
structures are given in Figure 10. It was seen that the dis-
tributions were almost identical. As in the solid stem, the
stresses were found to be above the yield value defined for
bone for a limited number of elements at the edge of the
contact line. On the other hand, the fact that the stress
distributions were the same allowed a comparison of the
forces on the bone in terms of stress shielding. Although
they differed only in orientation, the stress on the bone

https://doi.org/10.26701/ems.1287321
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Figure 9. Stress frequency distribution histograms of a) solid, b) WUV
and ¢) WVU femoral stems

increased 36.32% in the WUV and 15.75% in the WVU
compared to the solid stem. This result showed that the
orientation of the lattice structure was fairly important
for both the stress in the stem and the stress in the bone.

Even if the same lattice structure is used, differences in
stem dimensions, differences in overall geometry, lattice
area, differences in boundary conditions, differences in
mesh (size, mapping, element type, etc.) should be taken
into account when evaluating former studies. In analogy
with Kolken et al. [24], an auxetic structure introduced
in the femoral component of a hip prosthesis enhanced
strain (and therefore stress) distribution. Mehboob et al.
used a body centric cubic lattice structure for the femoral

European Mechanical Science (2023), 7(3): 128-137

Type: Equivalent (von-Mises) Stress
Uni MPa n
Time: 1s
279,87 Max
E 2488
=
186,65
. 155,58
| 12451
93433
62,36
31,287
0,21345 Min

Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 15

. 329,6 Max
293

Figure 10. The femur bone stress distributions of a) WVU stem and b)
WUV stem

stem and achieved a reduction in stress shielding of up to
28% [31]. Although the lattice structure is different, the
amount of reduction is in the same range as our findings.
In the study by Izri et al., the hip implant was designed
with a 2 mm thick hard outer shell with an infill lattice.
They reported that the stress values generally increase as
unit cell size increases and for a 4 mm unit cell size, a
stress of over 800 MPa and a total deformation of over
0.92 mm were found in the re-entrant structure [19].

4. Conclusions

In this study, the femoral stem of a hip prosthesis was
lightweighted by applying re-entrant honeycomb lattice
structure with two different orientations (WUV and
WVU) and performed static structural analysis using
finite element method to obtain stress, strain and defor-
mation values of both the prosthesis and the bone.

The lightweighting process resulted in a volumetric re-
duction of 15.27% and 16.65% in the WUV and WVU
bodies, respectively. Such lightweighting would be bene-
ficial in regards of production.

The solid stem displayed a maximum stress of 401.32
MPa and the stress was concentrated in the contact zone
between the stem and the antero-lateral aspect of the
bone. Some stress concentration was also observed at the
root of the femoral neck.

The stress of WUV and WVU femoral stems was rela-
tively more homogeneously distributed. The maximum
equivalent stress was found to be approximately 2.6 and
2.4 times larger than that of the solid stem, but such high
values are limited to a handful of elements, and it is be-
lieved that this can be corrected by better mesh quality
or geometric design measures. A frequency analysis was

https://doi.org/10.26701/ems.1 287321 @
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performed on stress results showed that only a fraction of
the elements had higher values than a safe level.

The WUV and WVU femoral stems differed only in ori-
entation, and the stress on the bone increased by 36.32%
and 15.75%, respectively, compared to the solid stem. The
increased amount of stress on the bone due to the light-
weighted femoral stems would be beneficial to reduce the
stress shield effect. Optimizing the orientation is also a
topic that would benefit from further consideration.

Such lightweighting would be beneficial in terms of pro-
duction cost via using less material. Such lattice struc-
tures, which can be easily produced with additive man-
ufacturing techniques, may also provide an advantage in
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