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Dynamic stress and strain in the bone-implant interface of total replaced hip during walking

Abstract

Background: Implant loosening is one of the most common problems occurring after total hip replacement.
Important factors, such as geometrical characteristics of the implant, quality of bone tissue, implantation
process, and age and lifestyle of the patient, affect the loosening. This study aims to analyze the dynamic
stress and strain on the bone-implant interface in the stance phase of normal walking.

Methods: A two-dimensional model, including a femur and its artificial joint, was used for numerical
simulation in ADINA software using the finite element method. Young's modulus was assumed to be 12 GPa
for the bone and 210 GPa for the medical stainless steel implants. At the bone-implant interface, the
coefficient of friction was assumed to be 0.22, and the model simulated the conditions of a cementless
surgery. The load applied to the replaced joint head was dynamically consistent with the normal walking
cycle of an individual weighing 75 kg.

Results: The results showed that the strain difference is maximal at the end stem regions of the interface.
The strain difference was 1.6% at the inner edge, being 16 times that at the outer edge of the interface. The
maximum stress reached about 5.7 MPa.

Conclusion: The largest strain difference occurred in the lowest area of the implant stem, which indicates the
possible location of the implant loosening. This information can also be important in employing hip

replacement surgery strategies and developing optimal mechanical designs of the artificial joint.
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Introduction

Walking is among the main daily activities involving the simultaneous activity of
components of the neuro-musculoskeletal system. In the skeletal system, joints
are placed between the bones to facilitate movement, as do mechanical
lubricants. As energy absorbers, they also play an important role in the immediate
dissipation of energy entering the body. The hip joint is a spherical joint consisting
of the femur's head and the acetabular cavity. The most important complication
of joint surfaces is osteoarthritis, mainly caused by excessive and intermittent
compressive forces resulting from walking, running, exercise, and daily activities (-
3 In acute cases of osteoarthritis, the contact between the femoral head and the
pelvis during each loading cycle gradually destroys the cartilaginous layers of the
bone and causes pain. Over recent decades, total joint replacement has been the
most common treatment * > which requires a relatively complex and difficult
surgery. In this surgery, the femur's upper part (head and neck) and the bone
shaft's central part are removed, and the implant is placed in the femoral cavity.
This surgery may involve pouring bone cement between the cavity created and
the implant. In 2018, about 600,000 total hip replacement (THR) surgeries were
performed in the United States and the United Kingdom, indicating the
widespread use of this method (€7 Obtaining patterns of mechanical stress (force
divided by the contact area) distribution in a replaced hip plays an important role
in the design of implants, predicting possible problems such as the need for
revision or loosening of the implant..
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Most studies have focused on detecting
the mechanical behavior of the hip
implant in the distribution of different
forces, types of implants, mechanical
design, or mechanical surface treatments
during the manufacturing process. Some
common fractures in the THR have been
associated with the interface between the
bone, implant, and bone cement (8-20)
Given the stress in the bone cement layers
surrounded by implants, optimization-
based methods have been used to reduce
the stress concentration in critical areas
(11,12 kleeman et al. (2003) reported that

changes in the hip anteversion and
implant offset might cause critical
conditions in the proximal femur @) n

order to detect possible loosening of a
replaced hip implant, Rowlands et al.
(2008)

used an ultrasonic method, causing
harmonic vibrations on the condyles of
the femur and measuring the response in
the greater trochanter g Using finite
element analysis, Kaku et al. (2020)
investigated the effect of different liners on
stress distribution of the acetabular cups and
found that the elevated-rim liners exhibit high
stress at the cup edge 13 The possibility of
a stress shielding effect in the bone tissue
around the replaced hip implant and the
possibility of failure in the trochanteric
region are also the results of a finite
element study by Abdullah et al. (2017)
that simulated falling from the side 16)
Chethan et al. (2020), by performing static
finite element analysis, showed that an
elliptical cross-section for the hip implant
stem leads to a lower stress in the bone
tissue compared to the circular and
trapezoidal cross-sections A7) Another
finite element study by Ismail et al. (2018)
showed that the bone-implant interface
could provide initial stability after surgery.
This stability is the basis for achieving
secondary stability and success of
implantation (8)
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The success of hip replacement surgery
requires the primary stability of the joint.
The concept of primary stability refers to
the mechanical anchorage between the
implant and the host bone. If all of the
factors that contribute to the success of
the surgery fail to provide primary
stability, the possibility of secondary
stability that depends on the ossification
process around the implant is frustrated.
Implant loosening in the THR is one of the
most important indicators of the lack of
primary stability in implantation. The
relative displacement of the implant in
the host bone tissues causes instability
and micro-movement at the interface
where osteoblasts are expected to form
bone bridges. Therefore, the present
study is aimed at investigating the effect
of dynamic forces caused by normal
human gait on the loosening of the
replaced hip implant and its location.

This study used the finite element method
to obtain mechanical stresses and strains
through loading of normal gait in bones,
implants, and especially their interface.
This method is based on the numerical
solution of mechanical-physical
differential equations in an environment
defined by materials and geometry, which
are divided into smaller components by
geometric discretization. In fact, these
equations are first formed and solved for
each element and then provide the
structural coherence of the result
throughout the environment. Hence, the
first step is to define the geometry of the
environment. The following steps include
assigning the properties of the materials
to the components present in the
environment, defining the boundary
conditions at the finite ends of the

'




Ashtiani M, et al.

environment, and finally, solving the
problem.

Geometrical model

A two-dimensional model of the femur (a
cross-section in the frontal plane) was
used in the CATIA V5 software to simulate
cementless THR surgery. The head and
neck of the femur, as well as a part of the
bone shaft, were cut and removed in the
model according to  conventional
orthopedic surgery (Figure 1-a). The two-
dimensional design of the hip implant was
placed inside the bony stem such that
there was no space between the two

parts of the model.
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Materials

The materials used in this simulation all
had linear elastic properties. The elastic
modulus, Poisson's ratio, and density of
the bone were equal to 12 GPa, 0.38, and
1.99 g/cms, respectively. The properties of
the implant material were assumed equal
to those of medical stainless steel with an
elastic modulus of 210 GPa, Poisson's
ratio of 0.30, and density of 8.62 g/cm3
19 The behavior of the two materials was
assumed to be completely isotropic, i.e.,
the properties of the materials were the
same in different directions.

?bﬁ. P ‘l.ff Y
.
.,\_z,%_ ll‘ P{};ﬂlé}

Fis

: T kﬁ'

Figure 1. a) A two- dlmen5|onal model of a h|p replacement implant in the femur, b) An enlarged image of
finite element meshing and applying the condition of the bone-implant interface
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Figure 2. a) Dynamic loading in the model, b) Geometric distribution of the load on the implant head

Loading and boundary conditions

The lower surface of the model, which cuts
the bone shaft in the transverse plane, was
fully-restrained and had no degree of
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freedom of movement. In the bone-implant
interface, the Coulomb coefficient of
friction was assumed 0.22 to be reminiscent
of the postoperative partially
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osseointegrated state (theoretical friction The finite element method was used to
coefficient equal to infinity) 20) Figure 1-b obtain the mechanical stress distribution in
shows the mechanical conditions simulated the model and the strain difference at the
in the bone-implant interface. The load was bone-implant interface. The  two-
considered on the implant head according dimensional model was considered in a
to the natural forces applied while a 75 kg- plane stress state (assuming that the stress
person walks @Y The force applied to the perpendicular to the model plane is zero)
implant head, which was transmitted from 22 The model consisted of 133,705 nodes
the acetabular cup, had a geometrically and 43,641 triangular elements, of which
distributed parabolic shape as shown in 42% belonged to the bone and the rest to
Figure 2-b to be as close to reality as the implant. The numerical solution process
possible. was performed using the ADINA software.
Numerical solution
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Figure 3. Marking of three points on the inner and outer edges and changes in strain difference at the joint
bone-implant interface at both edges
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After numerical solution, points on the
bone-implant interface were marked
based on the Gruen zones' numbering
system. To compare the location of
sustaining mechanical stresses, three pairs
of points on the bone-implant interface at
both the outer and inner edges, as well as
the middle of the seventh Gruen zone,
were marked as shown in Figure 3. At
these points, strain differences on both
sides of the interface were calculated as a
measure of implant looseness under load.
Figure 3 depicts the time-dependent
response of the horizontal component of
the strain difference (i.e., along the
medial-lateral direction) on both sides of
the bone-implant interface. The maximum
strain difference at the inner edge (with a
strain of 1.6%) was about 16 times that at
the outer edge (with a strain of 0.1%). The
greatest interface strain difference
occurred in the lowest zone of the bone-
implant interface (Gruen zones 3 and 5).
Moreover, the zones closer to the implant
head experienced smaller  strain
differences. The variation of the strain
difference with the percentages of the
gait's stance phase was similar in all
regions and was maximum at the mid-
stance moment (about 25%). The second

peak of strain difference changes
occurred at the toe-off moment (about
85%).

Figure 4 demonstrates the mechanical
strain and stress distributions in the two-
dimensional section of the model. When
the maximum force exerted in the walking
cycle was applied to the leg at the mid-
stance moment (approximately 25%), the
outer part of the bone was subjected to a
compressive (positive) strain, while the
inner part of the bone was under tensile
strain. The von Mises stress distribution,
which always gives a positive quantity and
is used as a measure of failure stresses,

—
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had a significant increase at the bone-
implant interface compared to the
surrounding environment. The lower end
of the model also received significant von
Mises tensions. The maximum stress in
the model reached 5.7 MPa.

Discuss

In order to quantify the implant loosening
in a replaced hip joint, it is possible to rely
on the strain difference between the bone
and the implant stem. In other words, the
deformation of the hip implant with
medical stainless steel compared to the
deformation of the bone tissue in its
vicinity can be considered a measure of
separation of the two materials. If this
difference increases, it means that the
two adjacent materials do not necessarily
deform with each other, which can lead to
separation and, eventually, loosening.
Figure 4-a shows this difference well on
the inner edge. This diagram indicates two
large peaks for strain differences at
points, especially at the end of the stem
(Gruen zones 3 and 5) that are repeated in
each walking cycle. In the upper regions
(Gruen zones 1 and 7), especially on the
inner edge of the bone-implant interface,
strain changes are negligible. Therefore,
the risk of loosening is lower. However, in
Gruen zones 3 and 5 (the end of the
implant stem), the strain difference at the
surface has reached a significant value of
1.6%, which may reduce the primary
stability of the implantation.

The difference in strain between the bone
and the implant at the outer edge shown
in Figure 3 indicates that the greatest
strain has occurred in the fifth Gruen
zone, but the strain difference is 16 times
smaller, and the maximum does not
exceed 0.1%. This indicates that the risk of
implant loosening at the outer edge is
negligible. This finding is consistent with
previous finite element studies (23, 24)
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ElI'Sheikh et al. (2003) dynamically
modeled the mechanical stresses on an
artificial hip joint in a sudden fall using the
finite element method *®. Luo et al.
(2020) applied a static load to a three-
dimensional model before and after total
hip replacement and stated that the
mechanical stress in the internal and
(diital parts is higher in the replaced joint
24

According to the values of the strain
difference at the interface, the risk of
loosening at the inner edge is higher, but
as shown in Figure 4, contrasts may
appear due to the greater amount of
strain on the outer edge. It should be
noted that the color contours shown in
Figure 4 are absolute strains, while the
data in Figure 3 represent the relative
strains between the bone and the
implant. Figure 4 also shows that the
maximum deformation at the toe-off
moment (before the foot leaves the
ground, about 85% of the stance phase) in
the walking cycle appears when the lower
limb provides a propelling force. In
agreement with this result and based on
the mechanical stress distribution
patterns in Figure 4, it can be concluded
that during the initial contact until the
toe-off moment, the stress is distributed
only at the interface, but the amount and
distribution of stress increase dramatically
while bearing the load.

At about 55% of the walking cycle, when
the locomotor system prepares for the
swing phase, most of the leg muscles try
to generate their propulsive force (in the
toe-off moment). From a kinematic point
of view, at this moment, the angle of the
hip joint, reaching its maximum amount of
extension, causes a high combined
bending and torsional moment, which can
change the range of mechanical stresses
up to about 5.7 MPa and increase the
strain differences to 1.6%. The amount of
stress in normal cartilage tissue in the hip

—
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joint due to walking in the study of Li et al.
(2021) was calculated to be 6.5 MPa (25),
However, it is important to note that
despite using dynamic gait loading, their
finite element modeling examined the
natural structure of articular cartilage in
the hip and did not study joint
replacement (25),

Since the strain difference at the bone-
implant interface is significantly high, it
can be predicted based on previous
sources that a high repetition rate would
lead to implant failure @) In addition,
loosening of the lower part of the implant
stem at the interface with the bone
adversely affects the structural integrity of
the bone-implant complex, and the load-
bearing share vanishes in that zone. In
other words, when there is no material
medium for the transfer of mechanical
stress, the amount of mechanical stress is
expected to increase over the other zones
leading to an expanding separation.

Once the foot is in the mid-stance position
(about 25% of the stance when the
maximum  weight is borne), the
mechanical stress and strain difference at
the interface rises naturally due to the
bearing of the load so that the von Mises
stress reaches 1.5 kPa. The strain
difference at the bone-implant interface
has reached 1.4%. In the initial phase of
swinging, a decrease in stress and strain
difference occurred at the interface,
which was due to the reduction of the
applied load. In addition, the values and
distributions of the stress contours in
Figure 4 indicate a kind of stress
concentration at the bone-implant
interface. The difference in the elastic
moduli of the two materials (the implant
is more than ten times stiffer) causes a
greater share of mechanical stress flow
and creates a state of stress shielding. This
happens more intensely at the peaks of
dynamic loading during a walking cycle,
which is also noted by the previous
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studies ®. Performing a finite element
study on the replaced hip joint, Todo
(2018) recommended that by reducing the
elastic modulus of the implant, the
formation of the stress shielding and,
consequently, loosening in the implant
stem can be prevented to some extent 9,
The present study has some limitations.
First, modeling was done with some
simplifications, the most important of
which were the two-dimensionality of the
model and the assumption of linear
elasticity and isotropy of materials
(independence of material properties
from geometric directions). Modeling the
load on the hip prosthesis, Shaik et al.
(2012) showed that the  two-
dimensionality of the model, assuming the
plane stress state, may underestimate the
results by about 14% error compared with
a similar three-dimensional model in the
same conditions. This error is due to the
increased stiffness of the two-dimensional
model (with more material in constant
thickness) compared to the three-
dimensional one 2. Therefore, it is
suggested to model three-dimensional
geometries to analyze such cases in future
studies. In addition, the friction between
the bone and the implant is not actually
the same throughout the interface, but it
was inevitably assumed constant in this
study. The boundary conditions assumed
in this model were also accompanied by
simplifications and the possibility of error.
Cutting the bone from the diaphysis in the
model and fixing all degrees of freedom
differ from the actual condition in which
the bone is restrained by the condyles in
the knee.

Furthermore, the probability of loosening
with  current results is somewhat
underestimated because, in reality, the
load is applied cyclically and at a high
frequency (at least 1 Hz) when walking,
which may accelerate the reduction of
primary stability. Previous studies have
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shown that a normal hip replacement is
generally capable of withstanding one
million loading cycles per year @7 Griza et
al. (2009) showed that even if the implant
is proximally loosened, it can withstand
up to another 5 million loading cycles 2N,
However, a recent study by Babic et al.
(2020) stated that the hip implant could
withstand only about 350,000 loading
cycles 8 |n addition, since this study
assumed the implantation without bone
cement, another study can investigate the
effect of wusing cement on strain
distribution and mechanical stress. The
reason is that according to the theory of
beam on an elastic foundation, a structure
or beam (an implant stem herein) has a
smaller displacement on a more elastic
foundation .

Concl

The greatest strain difference occurred in
the lowest zone of the implant stem,
indicating the possible location of implant
loosening. The inner edge of the bone-
implant interface bore a greater strain
difference. Unlike the outer edge, where
the mechanical stress was compressive,
the mechanical stress on the inner edge
was tensile, which may reduce the
primary stability and loosening of the
implant. The results of this study suggest
that the strategies aimed at preventing
the loosening, either optimizing implant
design or changing replacement surgery
procedures, should focus on reducing
tension in the internal and distal part of
the implant stem (Gruen zone 5).
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