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INTRODUCTION

he aging population is becoming more and more
severe, and the number of patients with hip joint

ABSTRACT

Aim and Background: This study aims to improve the geometric design of the
distal cementless femoral prosthesis stem, thereby changing the stress distribution
of the femoral prosthesis and reducing the proximal stress shielding and distal
stress concentration of the femur, so as to obtain better bone growth and long-term
stability. Materials and Methods: Two geometric shapes of the femoral stems,
namely, inverted hollow cone and cross-shaped bottom groove, are designed for
the distal femoral prosthesis. The model is built based on the femoral computed
tomography (CT) data of healthy volunteers, and the finite element method is
used to analyze and calculate the stress distribution of the two femoral prosthesis
stems. Results: According to the length and width of bottom “cross” groove, the
stress values of the femoral region of the cross-grooved distal femur are divided
into five groups, namely, group 1 (length 1:1, groove width 1.0 mm); group 2
(length 1:1, groove width 1.5 mm); group 3 (length 1:1, groove width 2.0 mm);
group 4 (length 1:2, groove width 1.0 mm); group 5 (length 1:2, groove 1.5 mm
wide). And the non-grooved group of the distal femur is designated as group O.
In the segment A, B, and C of the femoral region, the difference in the mean
stress between group 0 and groups 1, 2, and 3 have statistical significance.
Conclusion: The bottom “cross” groove of the distal femoral prosthesis can
change the stress distribution in the prosthesis-distal femoral region and reduce the
stress concentration at the distal prosthesis. Wherein, the grooved design of length
ratio 1:1 is more advantageous.

Keyworbps: Cross groove, distal femoral prosthesis, finite element analysis, taper
hole, total hip replacement

and affect its service life.) Many scholars believe that
the stress shielding of the hip joint prosthesis to the
femur is the main cause of the aseptic loosening of the
prosthesis.’! Aseptic loosening is also the main reason

retrogression, inflammatory arthritis, and femoral neck
fractures is gradually increasing. Total hip arthroplasty
has become an effective treatment method and means for
hip joint diseases.!"! The service life of a hip prosthesis
is generally 15-20 years.

There are many factors that affect the life of hip
prostheses, such as prosthetic materials, mechanical
design, and prosthetic surface treatment. In addition,
postoperative infection of hip surgery, prosthesis fracture,
wear debris, and stress shielding can cause bone loss
around the prosthesis, which will loosen the prosthesis
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for the revision of joint prostheses.**! Some scholars
believe that the stress shielding of the prosthesis to the
femur is mainly due to the inconsistent elastic modulus
of the metal prosthesis and the femur.”! At present, the
main materials used in the femoral stems of artificial
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hip joint prosthesis are titanium alloys, cobalt alloys,
and medical stainless steels, and the femoral stems all
use solid materials. Compared with human bones, these
materials have great rigidity and low elastic modulus.®!
After the artificial joint is implanted in the human body,
the huge difference in stiffness between itself and the
human bone will cause stress shielding, resulting in bone
loss, and eventually may cause serious complications
such as artificial joint loosening or bone fracture.”!%! In
addition, the geometric design of the femoral prosthesis
is also one of the factors that affect the stress shielding
of the femoral prosthesis.!!"!?! Therefore, optimizing the
contact stress distribution between the femur and the hip
joint prosthesis is one of the main directions of hip joint
design. 313

The purpose of this study is to optimize the design
of the distal femoral prosthesis, hoping to reduce
the stress concentration on the femoral inner wall of
the distal femoral prosthesis and increase the stress
of the proximal femur by changing the geometry of
the distal femoral prosthesis. The optimal design
schemes for the geometric shape of the distal femoral
prosthesis stem in this study are as follows: 1.
hollow cone design of the distal femoral prosthesis
stem; 2. cross groove design of the distal femoral
prosthesis stem (different groove width and length
ratios are analyzed separately), and this paper
combines the computed tomography (CT) technology,
computer-aided design, and three-dimensional finite
element analysis methods to explore the influence
of these design schemes on the stress of femoral
prosthesis and its distribution, thus providing the
theoretical basis and reference for the optimal design
of the femoral prosthesis.

MATERIALS AND METHODS

Finite element modeling of femur

A 63-year-old healthy male volunteer of 72 kg was
selected for this study, CT scanning was conducted for
the upper segment of the femur on both sides (64-layer
spiral CT machine), and the bone tissue window
scanning was chosen. The thickness of the scan layer
is 0.9 mm, the space is 0.9 mm, and the scan length is
from 10 cm above the apex of the greater trochanter to
the knee joint plane. The scan data is saved in digital
imaging and communications in medicine format. This
study is a computer-based finite element design study,
which does not involve human or animal experiments,
so it does not need to go through the ethics committee.

The data of the right femur is used as a sample. The
CT data was imported into the Mimicsl7 system for
three-dimensional (3D) modeling, a volume mesh was

created, the 3D model was materialized, saved in the
Initial Graphics Exchange Specification format, and
it was imported into the 3D finite element analysis
software (UGS.0).

Hollow cone and “Cross” groove design of the
distal femoral prosthesis

With reference to Link’s LCU femoral prosthesis,
3D finite element analysis software (UGS8.0) is
used to build the femoral prosthesis models of
the distal hollow cone and distal bottom “cross”
groove [Figure 1]. According to the length and width

™ SECTION A-A

a| b | *

Figure 1: Hollow cone and cross groove design of the distal femoral
prosthesis (a) Design drawing of distal taper hole; (b) Design drawing
of distal cross groove

Table 1: Unit type and number of each model

Material type The The Grid
total total type
number number
of nodes of units
The femoral prosthesis 370969 256785 C3D10OM
Prosthesis without taper 96520 65432  C3D10OM
holes/MPa
Prosthesis with taper holes/MPa 97263 64937  C3DIOM
Length 1:1, groove width 105787 70410 C3D1OM
1.0 mm/MPa
Length 1:1, groove width 105066 69937 C3D10M
1.5 mm/MPa
Length 1:1, groove width 102719 68291 C3DIOM
2.0 mm/MPa
Length 1:2, groove width 104810 70095  C3D10M
1.0 mm/MPa
Length 1:2, groove 1.5 mm 104652 69953  C3D10M
wide/MPa

Table 2: Material properties of femur, prosthesis, and

filler.
Elastic modulus/MPa Poisson’s ratio
The femoral 16700 0.26
The prosthesis 113800 0.34
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Figure 2: Modeling process of femur and prosthesis
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Figure 4: Stress comparison results of the distal prosthesis without and
with taper holes

Table 3: Different surface friction coefficient definitions
Contact pair Friction coefficient
Medial femur—proximal end of prosthesis 0.4

Medial femur—distal prosthesis 0.3

of the “cross” groove at the bottom, they are divided
into five groups, namely, group 1 (length 1:1, groove
width 1.0 mm); group 2 (length 1:1, groove width
1.5 mm); group 3 (length 1:1, groove width 2.0 mm);
group 4 (length 1:2, groove width 1.0 mm); group 5
(length 1:2, groove 1.5 mm wide). And the non-grooved
distal femur prosthesis is designated as group 0.

Process of finite element analysis

Modeling

The femoral model is reconstructed based on the CT
scan data of the femur, and the 3D prosthesis model
is built using the 3D modeling software (UGS8.0). The
size of the prosthesis model is adjusted appropriately
according to the size of the actual prosthesis model,
and the 3D assembly model of the prosthesis implanted
in the femur is constructed. To simplify the model, the
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Figure 3: Schematic diagram of simulation analysis of the femoral
prosthesis (a) Schematic diagram of femur and prosthesis grid;
(b) Schematic diagram of loading and boundary conditions; (c) Results
of the femoral partition
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Figure 5: Comparison of zonal stress between the distal and non-slotted
femur of the prosthesis

rounded corners where the prosthesis and the femur
contacts are ignored [Figure 2].

Meshing

The model built in the previous step was imported into
the HyperMesh 10.0 software and used the software to
mesh the femur and the prosthesis, respectively. The
meshing results are shown in Table 1.

Material properties

In ABAQUS6.14, the material properties of different
parts are defined as shown in Table 2.

Definition of contact

The outer surface of the prosthesis stem is in
full-friction contact with the inner wall of the femur.
Since the upper and lower ends of the prosthesis have
different working conditions when in contact with
the femur, different contact properties are selected. If
there is a filler, then the outer cylindrical surface of
the filler is in friction contact with the inner surface
of the prosthesis opening, and the circular end face of
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S, Mises

(Avg: 75%)
+5.746e+01
+2,260e+01
+8.887e+00
+3.495e+00
+1,374e+00
+5.405e-01
+2.126e-01
+8.359e-02
+3.287e-02
+1,293e-02
+5.084e-03

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+5.761e+01 +5.764e+01
+2.234e+01 +2.235e+01
+8.662e+00 +8.666e+00
+3,358e+00 +3.361e+00
+1.302e+00 +1.303e+00
+5.049e-01 +5.053e-01
+1.958e-01 +1.959e-01
+7.591e-02 +7.598e-02
+2.943e-02 +2.946e-02
+1.141e-02 +1.142e-02
+4.425e-03 +4.430e-03
+1.716e-03 +1.718e-03
+6.652e-04 +6.661e-04

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+4.417e+01 +5.724e+01
+1.706e+01 +2.179e+01
+6.587e+00 +8.293e+00
+2.544e+00 +3.157e+00
+9.822e-01 +1,202e+00
+3.793e-01 +4.573e-01
+1.465e-01 +1.741e-01
+5.656e-02 +6.626e-02
+2.184e-02 +2.522e-02
+8.435e-03 +9.600e-03
+3.257e-03 +3.654e-03
+1.258e-03 +1.391e-03
+4.858e-04 +5.294e-04

+1.999e-03
+7.863e-04

Figure 6: The femoral stress nephogram of the cross-slotted prosthesis. (a) length 1:1, groove width 1.0 mm; (b) length 1:1, groove width 1.5 mm; (c)
length 1:1, groove width 2.0 mm; (d) length 1:2, groove width 1.0 mm; (e) length 1:2, groove 1.5 mm wide

the filler is in friction contact with the inner wall of the
femur. The friction coefficients of different surfaces are
defined as shown in Table 3.

Loading conditions

In practice, the working conditions of the femoral
prosthesis model are complex, and the actual
measurement is very difficult. The influencing factors
of some working conditions are small and it is of little
significance to simulate such complicated working
conditions with finite element software. Therefore,
one working condition is selected for analysis and

comparison, that is, the simplified force model of a
person standing on one leg of about 75 kg. A reference
point on the head of the prosthesis was selected and
defined as RP-1, and then coupled this point with
the head of the prosthesis. A force of 750 N in the
z-direction to the reference point RP-1 was applied.
A fully-fixed constraint is imposed on the distal femur
as the boundary condition as shown in Figure 3.

Submit for Analysis and post-processing
The Steps (3)—(6) are all completed in ABAQUS6.14.
The works were directly submitted in the ABAQUS
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software, its self-installed functions were used for
analysis and processing, and then the results are
outputted.

Design analysis results of the distal prosthesis

1. The stress comparison results of the prosthesis
without a taper hole and with a taper hole are shown
in Figure 4.

2. For the distal cross-grooved prosthesis, the average
stress values of stress regions A, B, C, D, E, F, and
H are shown in Figure 5.

3. The stress nephogram of cross-grooved prosthesis
femur are shown in Figure 6.

Through comparison between groups, it is found that
the cross groove design of the distal femur can change
the stress distribution of the traditional prosthesis in
different regions of the femur. It can reduce the stress
on the distal femur of the prosthesis and partially
increase the stress distribution on the proximal femur.
Wherein, the effect of the groove of the 1:1 length ratio
is slightly more obvious than that of the 1:2 length
ratio.

Considering that the difference between the elastic
modulus of the prosthesis and the femur may lead to
a change in the magnitude of stress, we reduced the
elastic modulus of the femoral prosthesis by half, from
113800MPa to 56900MPa, and the stress change data is
shown in Table 4.

The elastic modulus is divided into two groups by
high value and low value, and the stress of the nodes
corresponding to the two groups of stress values is
subjected to an independent sample 7-test. The final
statistical result shows that in the segment E of the
inner femur stress, the stress comparison P value
of the high-value group and the low-value group of
no-cone prosthesis, cone prosthesis, cross-grooved
prosthesis (depth 1:2, groove width 1.0 mm), and cross
groove prosthesis (depth 1:2, groove width 2.0 mm)
is <0.05, and the difference has statistical significance.
In segment E of the posterior femur stress, the stress
comparison P value of the high-value group and the
low-value group of no-cone prosthesis is <0.05, and the
difference has statistical significance. The comparison
P values of the high-value group and the low-value
group of other stress segments are all >0.05, and the
difference has no statistical significance.

DISCUSSION

Aseptic loosening of the artificial hip prosthesis is
still an intractable complication after artificial hip
replacement.l'! The proximal stress shielding of the
femoral prosthesis causes bone loss of the proximal

femur, which is considered an important cause of
aseptic loosening. The stress concentration of the distal
femoral prosthesis is an important factor that causes
thigh pain and fractures of the distal prosthesis in the
corresponding region after surgery. There are many
factors that affect the stress distribution of the femoral
prosthesis, including prosthetic materials, mechanical
design, and surface treatment.!7-18]

There are significant differences between the elastic
modulus of the metal implant and the femur, which will
cause stress shielding and adjacent bone resorption. By
now, great progress has been made in the improvement
of prosthetic materials. Relying on more precise anatomy
and bionic design, the contact stress is minimized, such
as the wide-used near-HA coatings, titanium nitride
and other oxide coatings and the application of porous
trabecular metal, which exhibits a good survival rate of
the femoral prosthesis.!'*?" Despite these improvements,
the number of patients requiring revision surgery due
to aseptic loosening has not been significantly reduced.
The bone growth rate on the surface of the material-host
bone is still very limited.?") Other studies have shown
that the surface coating treatment is not reliable due
to the absorption and degradation of surface materials.
According to Cilla’s research, subtle shape changes have
little effect on the stress shielding of the prosthesis, but
significant changes have a certain impact.!*

In addition to prosthetic materials and surface treatment,
the geometric design of the femoral prosthesis is also
the main factor affecting the stress distribution of the
prosthesis. According to Suksathien’s research, the short
stem of the femoral prosthesis provides physiological
proximal load transfer and less stress shielding, making
it a useful option for the femoral reconstruction.?>2%
Schmidt and Hackenbroch found early that the Cenos
hollow stem (Artos) reduced the stress shielding in
the intertrochanteric region of the femur and the bone
remodeling of the distal femur. With a linear hollow
cone stem, the stress shielding performance of Gross
and Abel is reduced by 22%.%% Our research found that
the geometric design of the taper hole in the central part
of the distal femur cannot effectively improve the stress
distribution of the femur, which may be related to the
size of the bottom taper hole designed in this group.
Research by Abdelaal er al.*® found that increase in
the cross-sectional area of the femur by designing the
geometry of the femoral stem prosthesis may affect the
stress distribution from the proximal femur to the middle
of the femur. In this study, we hope to optimize the
design of the femoral prosthesis, change the geometric
shape to reduce the local stress shielding of the proximal
femur, and reduce the distal stress concentration, so as
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to reduce the probability of prosthesis loosening and the
risk of distal femur pain and fracture, thus extending the
service life of the femoral prosthesis.

In this study, for the geometric shape optimal design of
the distal femoral prosthesis, 3D finite element analysis
software was used to build the femoral prosthesis model
with a distal hollow cone and distal “cross” groove at
the bottom, so as to conduct finite element analysis on
stress conduction under different geometries. The stress
difference between the two groups has no statistical
significance. Our research proves that the one-third
inverted hollow cone design of the distal femur cannot
significantly improve the stress distribution of the
distal femur and cannot effectively decrease the stress
concentration effect of the distal femur. The cross groove
design of the distal femur has little effect on the change
of stress distribution in the proximal femoral region,
but it can slightly reduce the stress of the distal femoral
prosthesis (segment A 5%), while the stress in segments
B and C of the femoral distribution area has increased
significantly. After the improvement, the maximum
stress at the distal end has reduced by 20%, and the
effect of the groove of length ratio 1:1 is slightly more
obvious than that of the 1:2 length ratio. Therefore,
the design of the 1:1 length cross groove of the distal
femoral prosthesis is more conducive to reducing the
excessive stress concentration of the distal femur. There
is no significant difference in stress change among
the three widths (1.0/1.5/2.0 mm) of the 1:1 length
groove. This may be related to the large difference in
elastic modulus between the artificial femoral metal
prosthesis and the human femur. Taking into account
the influence of elastic modulus on the stress, after
we halved the elastic modulus of the prosthesis, it is
found by comparison that only some femoral segments
significantly changed the stress distribution. In the
segment E of the inner femoral stress, after the elastic
modulus of the no-cone prosthesis, cone prosthesis,
cross-grooved prosthesis (depth 1:2, groove width
1.0 mm), and cross groove prosthesis (depth 1:2, groove
width 2.0 mm) decreased, the corresponding stress value
increased, and the stress values of other groups did not
change significantly. This group of studies proves that
the change of elastic modulus can partially affect the
stress change of the proximal femoral prosthesis, which
is also consistent with Saravana’s research, in which the
stress shielding effect of the proximal femur is reduced
by optimizing the elastic modulus distribution of the
femoral prosthesis.?”

In summary, the hollow cone design of the distal
femoral prosthesis has no significant effect on the
stress distribution of the proximal and distal femur.

The design of the “cross” groove on the distal femoral
prosthesis can slightly reduce the stress concentration
of the distal femoral prosthesis, and the length ratio of
the groove will slightly affect the stress distribution of
the prosthesis. The optimization of the elastic modulus
can also change the local stress distribution and reduce
the stress shielding of the proximal femur. Certainly,
our research still has some limitations. First, the study
only simulated and analyzed the stress conduction of
the femoral prosthesis stem under 750 N static load of
an adult standing on one foot, without considering the
influence of abductor muscle strength and gait on the
analysis results. Second, there is no animal experiment
for observation and study on the bone histology and
imaging of the femoral prosthesis to observe and
analyze the bone in growth. In the future, it may be one
of the research directions of the femoral prosthesis to
study the best elastic modulus of the femoral prosthesis
to obtain the optimal stress distribution. We hope that
our research can provide some useful basic data for the
study of the optimal femoral prosthesis with the best
stress distribution, bone growth, and histocompatibility.
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