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Stress analysis of total hip arthroplasty
with a fully hydroxyapatite-coated stem:
comparing thermoelastic stress analysis

and CT-based finite element analysis
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Purpose: The aim of this study was to evaluate the stress distribution in a synthetic femur that was implanted with a fully hydroxy-
apatite-coated stem using thermoelastic stress and finite element analyses, and to clarify the differences in the stress distributions be-
tween these two methods. Methods: Thermoelastic stress analysis is a stress-analysis technique that employs the thermoelastic effect.
Sinusoidal vertical loads were applied to the head of the stem placed on the synthetic femur, and surface stress distribution images were
acquired using an infrared stress measurement system. The finite element model for the synthetic femur and stem were set up similarly to
the thermoelastic stress analysis experiment, and vertical load was applied to the head of the stem. Surface stress distribution and stress
values obtained via these two methods were compared. Results: Thermoelastic stress analysis showed that compressive and tensile
stresses were distributed from the proximal femur to the diaphysis, not only on the medial and lateral surfaces, but also on the anterior
and posterior surfaces. However, finite element analysis showed that compressive stress was not distributed on the anterior and posterior
surfaces of the femoral intertrochanter. The stress values of thermoelastic stress analysis tended to be higher in the proximal femur than
that obtained via the finite element analysis. Conclusions: The surface stress distribution obtained by these two methods were different
specifically in the proximal femur. Our results imply that thermoelastic stress analysis has a better potential than finite element analysis
to show the surface stress distribution that reflects the stem design.

Key words: total hip arthroplasty, thermoelastic stress analysis, computed tomography-based finite element analysis, fully hydroxy-
apatite-coated stem, femoral stress distribution

1. Introduction

Total hip arthroplasty (THA) is one of the most
common orthopedic surgeries. THA involves replac-
ing a deformed hip joint with a prosthesis to relieve
pain and improve function. Owing to recent improve-
ments in implants and surgical techniques, good long-
term results have been reported, and THA is widely
performed worldwide. However, some postoperative
problems remain, which affect long-term results, such

as aseptic loosening, bone atrophy, infection, disloca-
tion and periprosthetic fracture [24]. Moreover, the
stress transfer in the femur changes after THA. Stress
transfer depends on stem design, size, material, and
fixation method (cemented or cementless). Femoral
remodeling occurs in response to changes in stress trans-
fer [15], [20]. Among the problems caused by femoral
remodeling, bone atrophy of the proximal femur is
particularly problematic. Bone atrophy in the proxi-
mal femur is caused by stress shielding [9]. Therefore,
implant design and stress distribution in the femur
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after stem insertion have been studied, in attempts to
improve stress transfer to the proximal femur.

The strain gauge method is commonly used in
conventional studies of femur stress analysis [1], [3],
[10], [18], [19], [23]. In this method, the number of
gauges is limited and it is difficult to observe the stress
distribution over the entire surface of the femur. Com-
puted tomography (CT)-based finite element analysis
(FEA) has also been reported as a useful method for
evaluating stress distribution in the femur after THA
[13], [14], [21], [26]. Although this method has be-
come widely used in recent years due to improve-
ments in computer performance, it is important to
validate and evaluate the method with an experimental
model; FEA is only a numerical model based on
simulation. Hyodo et al. [16] reported on an experi-
mental system to visualize changes in the surface
stress distribution of a synthetic femur implanted with
a stem in two dimensions using thermoelastic stress
analysis (TSA). TSA is a method in which small tem-
perature changes due to the thermoelastic effect of
a sample are measured by an infrared camera and
converted into the change of the sum of the principal
stresses on the sample surface. Because this method
can evaluate the stress distribution on the entire sur-
face of a synthetic femur as an image, even small
stress distributions that cannot be assessed by con-
ventional methods may be measured.

The fully hydroxyapatite (HA)-coated stem is a ce-
mentless stem that has been widely used in recent years
with good results [25], [28]. However, there have been
few reports of stress analysis using this type of stem.
Therefore, the purpose of this study was to evaluate the
stress distribution in a synthetic femur that was im-
planted with a fully HA-coated stem using TSA and CT-
based FEA, and to clarify the differences in the stress
distributions provided by the two methods.

2. Materials and methods

2.1. Synthetic femur

The synthetic femur (Composite femur® #3403,
Pacific Research Laboratories, USA) used in this
study was manufactured from glass-filled epoxy. It is
made to mimic the mechanical properties and mor-
phology of natural human bone and is constructed
from cortical bone and cancellous bone [11], [12]. The
thermoelastic properties of the glass-filled epoxy used
for cortical bone has a linear relationship between the

change in the sum of principal stresses and tempera-
ture change. A temperature change of 1 K corresponds
to a change in the sum of principal stresses of ap-
proximately 227 MP [16] (Fig. 1).

Fig. 1. Thermoelastic property of the synthetic bone [16]

2.2. Stem and head

We used POLARSTEM#0 (Smith & Nephew, USA),
a fully HA-coated stem that has been used clinically
since 2002 (and used in Japan since 2017). It is made
of titanium alloy (Ti-6Al-4V) with a 50 µm HA coat-
ing on the surface. The cancellous bone around the
stem can be preserved because the compaction rasp
compresses the cancellous bone during rasping. The
triple-tapered design of the stem is expected to pro-
vide initial fixation, rotational stability, and load trans-
fer at the proximal femoral region. A 32-mm diameter
OXINIUM femoral head (Smith & Nephew, USA) was
used as the head.

2.3. Thermoelastic stress analysis

2.3.1. Thermoelastic stress imaging method

The thermoelastic effect is the change in tempera-
ture that accompanies stress change under the adia-
batic conditions of a body, as described in Eq. (1), as
proposed by Thomson in 1853 [29].

The equation relating temperature changes to ap-
plied stress under adiabatic conditions in a linear elas-
tic isotropic homogeneous material is

)( 21   TkT , (1)
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where:
ΔT – temperature change [K],
k – thermoelastic constant of the material [1/Pa],
T – absolute temperature of the material [K],
Δ(1 + 2): sum of principal stresses [Pa].
The thermoelastic constant, k, is given by

k = / (  Cp),

 – coefficient of linear thermal expansion [K–1],
 – density [kg/m3],
Cp – coefficient of specific heat at constant pres-

sure of the material [J/(kg  K)].
The thermoelastic stress imaging method is based on

measurement of a small temperature change (ΔT) that
occurs in a material when it is subjected to elastic cyclic
loading. The temperature change is converted to the
change in the sum of the principal stresses using Eq. (1).
It is not possible to measure principal stress components
1 and 2, separately. A high-precision infrared thermog-
raphy camera was used for these measurements. This
stress-analysis method has been applied in industrial
fields as well as skeletal systems [7], [8], [22].

2.3.2. Setting of synthetic femur and stem

The distal part of the synthetic femur was fixed in
a specimen holder with bolts and bone cement at the
physiological adduction position (9° valgus) in the
one-legged stance loading position (Fig. 2). After the
synthetic femur was set, the femoral neck was cut

Fig. 2. Image of the setting of a synthetic femur

and the cancellous bone was rasped with a compac-
tion rasp as in the usual THA surgical method. The
POLARSTEM#0 (standard neck, collarless) was then
implanted in the femur, and a 32-mm diameter
OXINIUM femoral head was attached to the neck of
the stem. The surface of the specimen was coated with
matte black heat resistant paint (ASAHIPEN Corpo-
ration, Japan) to fix surface emissivity.

2.3.3. Thermoelastic stress measurement

The specimen holder was fixed in the servohy-
draulic testing machine (Tensilon UTM-10T®, TOYO
BOLDWIN, Japan and MiniBionix858; MTS Systems
Corporation, USA). The apparatus applied a 5-Hz sinu-
soidal compressive load of 1.0 ± 0.9 kN to the femoral
head through a steel plate. Surface stress distribution
images of the femur were acquired in the anterior,
posterior, medial, and lateral planes using an infrared
stress measurement system (Silver450M 7500; Cedip
[FLIR], France) (Fig. 3).

Fig. 3. Thermoelastic stress measurement of a synthetic femur

2.4. CT-based finite element analysis

2.4.1. CT scan

After the synthetic femur was fixed in the speci-
men holder and implanted with the stem, CT scans
(Supria®, Q2J-BW1645-1; Hitachi Medical Corporation,
Japan) were performed with a bone mass phantom
(QRM-BDC, QRM, Germany) and saved as DICOM
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data. The following scanner settings were employed:
1.25 mm slice thickness, 1 mm slice spacing, 20 cm
FOV, and 512  512 pixel resolution.

2.4.2. Finite element modeling and analysis

A finite element model was constructed and ana-
lyzed using the Mechanical Finder ver. 11.0 (Research
Center of Computational Mechanics, Japan). First,
a model was constructed by extracting only the syn-
thetic femur and specimen pot from the DICOM data.
The CAD data from the POLARSTEM was then set in
the same position as the stem to construct a model of
the synthetic femur and stem. We used 1- to 4-mm
four-node tetrahedral solid elements to construct
a three-dimensional finite element model for both the
synthetic femur and stem, and triangular plate shell
elements with a thickness of 0.001 mm were attached
to the synthetic femoral surface. The finite element
model of the synthetic femur and stem consisted of
approximately 320 000 nodes, 1 600 000 elements,
and 170 000 shells. The Young’s modulus of the syn-
thetic femur was determined using the equations pro-
posed by Keyak et al. [17], according to CT density
values. The Poisson’s ratio of the synthetic femur was
assumed to be 0.4. The Young’s modulus and Pois-
son’s ratio of the stem were set to 108 GPa and 0.28,
respectively, according to the material property values
of Ti-6Al-4V. The head was 32 mm in diameter, and
the Young’s modulus and Poisson’s ratio were set to
the material property values of Ti-6Al-4V as those of
the stem. The models assumed a completely bonded
interface between the stem and the bone. The model
was set to 9° valgus, as in the TSA, restrained at the

Fig. 4. Setting of a finite element model

specimen holder, and a compressive vertical load of
1900 N was applied to the femoral head (Fig. 4).

2.5. Stress value comparison
between TSA and FEA

In the TSA, the change in the sum of the principal
stresses for each pixel at the center of the bone axis
was plotted. In the FEA, the sum of the principal
stress (maximum principal stress + minimum principal
stress) for each surface element extracted along the
center of the bone axis was plotted. Graphs were made
for the anterior, posterior, medial and lateral surfaces,
in order to compare the TSA and FEA approaches.

3. Results

3.1. TSA

The change in the sum of the surface principal
stresses of the synthetic femur was evaluated. On the
medial side of the synthetic femur, compressive stress
(warm color) was distributed from the lesser tro-
chanter to the distal side. Tensile stress (cold color) was
distributed on the lateral side of the synthetic femur. On
both the medial and lateral sides, the stress gradually
decreased from proximal to distal. Compressive stress
was also distributed on the anterior and posterior sur-
faces of the femoral intertrochanter (Fig. 5).

Fig. 5. Results of thermoelastic stress analysis. Anterior (A),
medial (M), posterior (P), and lateral (L) views

3.2. CT-based FEA

The surface stress distribution of the synthetic fe-
mur was evaluated using a tensor. On the medial side
of the synthetic femur, compressive stress (warm color)
was distributed from the lesser trochanter to the distal
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side. Tensile stress (cold color) was distributed on the
lateral side of the synthetic femur. However, compres-
sive stress was not distributed on the anterior and poste-
rior surfaces of the femoral intertrochanter (Fig. 6).

Fig. 6. Results of finite element analysis. Anterior (A),
medial (M), posterior (P), and lateral (L) views

3.3. Stress value comparison
between TSA and FEA

On the anterior surface, compressive stress was
distributed higher in the TSA compared to FEA from

Fig. 7. Comparison of stress values from thermoelastic stress analysis
(TSA) and finite element analysis (FEA). The stress value of TSA

is the change of the sum of the principal stresses (Δ(1 + 2)).
The stress value of FEA is the sum of the principal stress (maximum
principal stress + minimum principal stress). A negative stress value

indicates compressive stress, and a positive stress value indicates
tensile stress. Anterior (A); posterior (P); medial (M); lateral (L)

the femoral intertrochanter to the diaphysis. On the
medial side, compressive stress was distributed higher
when analyzed by TSA than by FEA from the lesser
trochanter to the level of the center of the stem. From
the level of the center of the stem to the diaphysis,
a higher compressive stress was distributed in the
FEA. On the lateral side, tensile stress was revealed to
be distributed higher using TSA than when using FEA
from the lesser trochanter to the level of the center of
the stem and the medial side (Fig. 7).

4. Discussion

In this study, the surface stress distribution of the
synthetic femur implanted with POLARSTEM was
compared using TSA and CT-based FEA. By TSA,
compressive and tensile stresses were distributed from
the proximal femur to the diaphysis, not only on the
medial and lateral surfaces, but also on the anterior and
posterior surfaces. The stress values of TSA tended to
be higher in the proximal femur than in the FEA.

The most important feature of the surface stress
distribution analysis of the synthetic femur by TSA is
that the stress distribution over the entire surface of
the synthetic femur can be evaluated without contact,
therefore, the usefulness of this analysis method has
been reported. A previous study showed that the dif-
ferences in surface stress distribution due to the type
of stem implanted in the synthetic femur and the dif-
ferences in surface stress distribution due to the use of
cement can be visualized using TSA [16]. A different
study reported that the effect of the contact site be-
tween the stem and the cortical bone on the surface
stress distribution can be evaluated using changes in
the fine surface stress distribution [27]. Another study
reported that the differences in surface distribution
due to the head offset installed on stem can be evalu-
ated [7]. In addition, one of the features of this method
is that it can evaluate changes in the sum of principal
stresses at any point, on any line, or in any region, as
can be seen in the current study, which is not possible
using the strain gauge method.

The unique feature of fully HA-coated stem is that
the cancellous bone is compacted with a compaction
rasp prior to stem placement. The purpose of com-
pressing the cancellous bone is to hold the stem with
the entire compressed cancellous bone. This technique
promotes osseointegration of HA and cancellous
bone, resulting in biological fixation of the whole
stem. CORAIL (Depuy Synthes, USA) was first used
in 1986, and good long-term results with less postop-
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erative stress shielding, cortical hypertrophy and thigh
pain have been reported [30]. POLARSTEM is one of
several fully HA-coated stems that have been in use
since 2002. It has a triple-tapered design to transfer
the load to the proximal part, improving the initial
fixation and preventing stem subsidence. Good mid-
term results with a 7-year survival rate of 97.69%,
a revision rate of 1.47%, and good long-term results
with an 11-year survival rate of 99.1% have been
reported [2], [6]. In radiographic analysis, there were
no cases of stem subsidence or loosening, and bone
atrophy around the stem did not occur in 99% of cases
[6], [31].

In this study, the surface stress distribution of the
simulated femur determined by TSA showed that high
compressive and tensile stresses were distributed from
the proximal part, and compressive stress was also
distributed on the anterior and posterior surfaces of
the femoral intertrochanter. We consider this result to
be due to the stress distribution caused by the proxi-
mal load transfer of the triple-tapered design of the
POLARSTEM, with the compressed cancellous bone
around the stem holding up the whole stem. In clinical
use, we consider that the high stress distribution proxi-
mally leads to good initial fixation without stem sub-
sidence, and to proximal load transfer with less bone
atrophy. Furthermore, although many previous studies
have examined the stress distribution on the medial
and lateral surfaces of the femur, few studies have
reported the stress distribution on the anterior and
posterior surfaces, especially in the femoral intertro-
chanter. Although the stress distributions on the ante-
rior and posterior surfaces are smaller than those on
the medial and lateral surfaces, we were able to focus
on these because TSA may be used to show stress on
the entire surface.

Previous studies showed that the correlation be-
tween the surface stress distribution shown by TSA
and FEA. However, they reported about the surface
stress distribution of metal or implant [4], [5]. To the
best of the authors’ knowledge, currently there are no
reports that compare TSA and FEA in terms of sur-
face distribution of synthetic femur with a stem. In
this study, differences in stress distribution were ob-
served between TSA and FEA. This difference in
stress distribution may be due to the difference in the
contact conditions between the stem and bone. In
TSA, the stem and bone were not bonded in the ex-
periment. However, in FEA, the stem and bone were
analyzed as fully bonded. The stability of the stem
immediately after THA using POLARSTEM is fixed
by the stem design, surface finish and mechanical
stability achieved by the compressed cancellous bone

around the stem. This condition is similar to the con-
tact condition between the stem and the synthetic bone
in the TSA. Therefore, TSA may be able to evaluate
the stress distribution that reflects stem design more
accurately than FEA. In the future, it is necessary to
investigate whether the stress distribution obtained in
this study correlates with radiographic bone remodel-
ing and bone mineral density changes around the stem
after THA using POLARSTEM in clinical practice.

This study had several limitations. The first limi-
tation is that the edge effect in TSA causes errors in
the change in the sum of principal stresses at the edge
of the synthetic femur taken by the infrared camera.
The edge effect is a large measurement error caused
by the temperature difference between the synthetic
femur and the background. This is due to a small dis-
placement of the synthetic femur that is unavoidable
in TSA. However, because the stress value of the
change in the sum of principal stress was measured at
the center of the bone axis of each plane, the error due
to the edge effect was negligible. The second limita-
tion is that the DICOM data used for the CT-based
FEA were taken after stem implantation, therefore, the
CT values of the cancellous bone around the stem may
be higher because of metal artifacts around the stem.
This limitation could be overcome by simulating FEA
using DICOM data of the synthetic bone, wherein the
stem was inserted and then removed, which may solve
the problem of metal artifacts. The third limitation is
the difference in the state of contact between the stem
and bone: in FEA, the stem and bone were assumed to
be fully bonded, whereas in TSA, the stem and bone
were not bonded. To simulate the contact conditions
of the TSA in FEA, it was necessary to set the friction
coefficient between: the (1) stem and cortical bone,
and the (2) stem and cancellous bone. These limita-
tions may have affected the stress distributions ob-
served in this study. However, as the TSA is capable
of evaluating the entire surface stress distribution,
which can be compared to the FEA, the contact con-
ditions of FEA may be validated by TSA, The vali-
dated FE model may be able to evaluate stress distri-
bution under more complex loading conditions that
cannot be tested with TSA.

5. Conclusions

In this study, TSA showed that the synthetic femur
implanted with POLARSTEM, one of the fully HA-
coated stems, was stressed from the proximal part not
only on the medial and lateral surfaces, but also on the
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anterior and posterior surfaces. Results imply that
TSA has a better potential than FEA to visualize the
surface stress distribution that reflects the stem design
of an entire synthetic femur.
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