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Evaluation of contact characteristics
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This study addresses the results of the experimental measurements for the contact surface areas and contact pressure distributions of
a dysplastic hip joint. The hip joint consists of pelvis, proximal femur and artificial cartilages for both acetabulum and femoral head. The
dysplastic hip joint is modeled in three dimensional (3D) form using the computerized tomography (CT) images obtained in vivo of an
adult female patient. The modeled hip joint components are manufactured as a non-natural dysplastic hip joint using different materials
and manufacturing processes. The dysplastic hip joint produced is subjected to compression forces experimentally to measure the contact
surface area and contact pressure distributions between the femoral head and acetabulum using the pressure sensitive Fuji film. Different
types of specific fixtures and molds are designed and manufactured to produce the dysplastic hip joint components and perform the
experimental studies. The measured results using a non-natural dysplastic hip joint are compared with relevant results reported in current
literature considering the peak and mean contact pressure values. Therefore, the obtained results showed that the non-natural dysplastic
hip models can be generated and replaced to determine the contact characteristics for an elusive cadaveric model. In conclusion, the
artificial models might be useful to understand the contact pressure distributions and potential changes in surface pressure contours and
their effects on the stress distributions.
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1. Introduction

The hip dysplasia is described by an irregular re-
lation between the femoral head and the acetabulum.
Insufficient coverage of the femoral head by the ace-
tabulum leads to the development of dysplasia in the
hip joint. The stresses and pressure distributions usu-
ally change with coverage angle of the femoral head
in the articular surface of hip joint [1]–[5]. A nonuni-
form pressure or stress distribution in the dysplasia
could play an important role in osteoarthritis process
[6], [7] and lubrication [8]. Measurements of the stress
distribution, pressure and contact area of the hip joint
can be determined by different approaches, broadly

experimental and commonly numerical used by the
researcher. Experimental studies are conducted with
generally cadaveric [9]–[11] or/and sometimes artifi-
cial models of the hip joint [12]–[14] in their experi-
mental studies based upon in vivo conditions. However,
obtaining the cadaveric samples is generally difficult
for experimental studies. Especially, it is almost un-
available to obtain the samples for specific animal or
cadaveric studies, having disorder of the patient such as
hip dysplasia. Hence, the artificial models are some-
times used in the research [12]–[18].

Studies show, in particular, that the contact char-
acteristics analyses of the specific dysplastic hip joints
are inadequate even in few studies presenting contact
stresses in normal and dyspalstic hip joints. Although
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comparisons between experimental and analytical
methods for hip dysplastic model were reported [12],
and the validations between experimental and finite
element studies were made for the healthy hip joints
[19]. Specific artificial models can also provide in-
sight patient information, medical illustrations [20]
and allow investigating the influence of pelvis osteot-
omy [13].

In this study, contact pressure and area of the hip
joint were measured experimentally using the pro-
duced artificial model. A specific biomodel of the
dysplastic hip joint including proximal femur and
acetabular dysplastic pelvis were modeled and manu-
factured artificially using the CT data obtained in vivo
from a young adult female patient. In addition, the
work is concerned with model availability for experi-
mental studies in comparison with cadaveric or animal
models. Therefore, the usability of the artificial model
instead of cadaveric model is validated experimentally
in viewpoints of biomechanical studies.

2. Material and methods

2.1. Modeling dysplastic hip joint

A female patient with acetabular dysplasia, 28 years
old and 60 kg in weight, was scanned using a Toshiba
Aquilion CT scanner at Kocaeli University Hospital to
obtain her CT images. These images are exported into
the computer in DICOM format within the pixel
resolution of 512 × 512 along with 135 Kv and scanned
slice thickness of 0.3 mm. Thresholding technique
based on the Hounsfield Units (HU) was used to sepa-
rate the bones from soft tissues in MIMICS (R12.11)

Fig. 1. The generated hip joint

program. A three-dimensional (3D) reconstruction of
the hip joint was developed after the region growing
process (Fig. 1). The components of the dysplastic hip
joint including pelvis and proximal femur were mod-
eled in STL data format.

2.2. Manufacturing total hip joint

The 3D computer model of dysplastic hip joint
was obtained in STL format using CT images of the
patient to convert the 3D computer aided design
(CAD) model. The total hip joint including pelvis,
proximal femur, articular cartilages of both acetabu-
lum and femur head are manufactured using their 3D
CAD models. The biomodel of the pelvis was manufac-
tured by rapid prototyping 3D printer (Z-Corporation
Spectrum Z510) using plaster-like powder through
a Fused Deposition Modeling method [20] (Fig. 2).
The pelvis model produced was augmented by vul-
canized silicon molding technique to carry out plenty
of tests. The pelvis model is molded using silicon
material (Fig. 2). The artificial pelvis model manu-
factured by rapid prototyping 3D printer was used
only to produce silicon mold for pelvis model. Two-
dozen of pelvis models were produced from polyure-
thane elastomer (Smooth-on Inch, PA, USA) [21]
material using the molding process.

Fig. 2. The silicon mold and unilateral pelvis produced

The 3D proximal femur model converted from
the CT images of the patients was imported into
GEOMAGIC STUDIO, reverse engineering based CAD
software. The software uses STL data to generate the 3D
CAD models employing the Non-Uniform Rational B-
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Splines (NURBS) surface type. The NURBS surface
requires some process such as de-noising, smoothing,
filling of gaps, removing spikes, repairing intersec-
tions to form CAD models. After generating the 3D
smooth surface modeling, the 3D CAD model of the
proximal femur was reconstructed. The reconstructed
3D proximal femur CAD model was manufactured
using metal cutting process with five-axis computer
aided numerical control milling machine (MIKRON
HSM-400 5-axis) (Fig. 3a). The left proximal femur
model was manufactured from aluminum alloy (Al
5083) material using a ball-nose end milling cutters
with the ball-nose diameters of 20 mm, 10 mm and
5 mm, sequentially, to obtain smooth surface. The
AL 5083 femur model was subjected to precise grind-
ing and then sandblasting processes to obtain
smoother and finish surface after the end milling pro-
cess (Fig. 3b). After manufacturing the proximal femur
model, a few artificial femur models were produced
from polyester material by molding using the Al 5083
femur model (Fig. 3c). These models are used to pro-
duce articular cartilage models for the femoral head.

The use of articular cartilages in experimental
studies is extremely important since the contact sur-
faces of the femoral head and acetabulum have ir-
regular shapes so that pressure distributions were
measured as non-uniform in the preliminary tests.
Therefore, the articular cartilages of both acetabulum
and femoral head were fabricated with non-uniform
thicknesses by designing and modeling using CT im-
ages. In order to produce the articular cartilage mod-
els, two different 3D silicon molds were produced at
room temperature. The cartilages for the femoral head
and acetabulum were produced from the hot melt glue
stick (HMGS) and RTV (room temperature vulcan-
ized) silicone materials, respectively. The artificial
cartilage produced was placed into the acetabulum of
the artificial pelvis model using an adhesive material as
shown in full cross-section of the acetabulum (Fig. 4a).
The average layer thickness of the RTV artificial carti-
lage for the acetabulum cavity was measured as 2 mm.
In order to create and produce the artificial cartilage for
the femoral head, the Al 5083 femoral head model
produced was used to form the silicon mold cavity.

      

a) b)  c)

Fig. 3. The manufactured proximal femur models:
(a) Al 5083 femur model, (b) sandblasted model, (c) polyester femur model

      

a) b) c)

Fig. 4. The artificial cartilage models: (a) RTV-2 acetabulum cartilage, (b) HMGS femur head cartilage on the polyester model, and (c)
HMGS femur head cartilage mounted on the Al 5083 femoral head model
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The HMGS material was poured into the silicon mold
cavity and then the polyester femoral head model pro-
duced was immersed immediately into the molten
HMGS material using a metric guide to arrange the
layer thickness of the cartilage. As seen the polyester
femur model was pressed in the poured molten HMGS
material to form the cartilage shape based on the femo-
ral head (Fig. 4b). The artificial cartilage produced was
mounted on the Al 5083 femoral head model after
cooling process at room temperature (Fig. 4c).

2.3. Experimental study

The experimental equipment was designed and
manufactured for the contact pressure measurements
in this study. A hydraulic press with a capacity of
5 kN was used to apply the force caused by body
weight. Different special equipment was designed and
produced to hold the artificial dysplastic hip model on
the workbench of the press in a position of regular
standing (vertical) posture. A suitable special fixture
was designed and manufactured from compressed
wood material to hold the pelvis model on the work-
bench. The fixture consisting of bilateral parts was
manufactured in the shape of sacroiliac joint surface
of the pelvis model (Fig. 5). The irregular surfaces of
the fixture were modeled using the surface model of
the pelvis. The surfaces of the fixture parts were ma-
chined using end milling machine. In the milling ma-
chine, different sizes of ball-nose end mills are used
considering the different processing parameters to
obtain smooth irregular surfaces to grasp the sacroil-
iac surface shown with A in Fig. 5. The pelvis was
fixed to a rotational clamp using the wood fixture.
Alignment accuracy of the assembly based on main
axes was controlled with bubble level scale. The fe-

mur and pelvis models were mounted on the hydraulic
press workbench (Fig. 6). The femur was positioned
considering standing position. A load cell having a ton
capacity was attached between the press base-plate
and the femur. Pressure sensitive film (Fuji Photo
Film Co., Ltd., Japan) was prepared in rosette form
and sealed using stretch film and inserted on the arti-
ficial cartilage of the femur head. The sensitive films
were located and positioned in the defined a prelimi-
nary direction and location. The pressure sensitive
films were used to measure the contact pressures by
compressing between the articular cartilages of both
femur head and pelvis acetabulum.

A compression force of 80 ± 2 kgf with a pressure
sensitive film loading rate procedure was applied con-
sidering single leg stance in the tests. The experiments
were performed within the environmental conditions
of %40 ± 5 Rh humidity and 18 ± 1 °C temperature.
The colored stains in different levels occurred on the
pressure sensitive films after compressing tests based
on the contact distributions between the femur head
and acetabulum. The colored films were scanned with
a scanner (Mustek 1248UB), having a 600 × 600 dpi
resolution to read and scale the pressure levels. The
colored stains on the films were evaluated to calculate
the contact pressures using the scanned data.

2.4. Mechanical properties
of artificial cartilages

The mechanical properties of the articular carti-
lages made out of RTV silicone and HMGS materials
used in this study were measured to compare with the
values of the cartilages published in current literature.
The mechanical property measurements of two differ-
ent artificial cartilages were performed using uniaxial

Fig. 5. The fixture design for pelvis model
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tensile test technique considering the ASTM D 412
standard requirements. This standard describes the test
procedure of the vulcanized rubber and thermoplastic
elastomers. The samples of the artificial cartilages for
the tensile tests were prepared based on die C of
ASTM standard to determine the non-natural cartilage
properties. Engineering stress data for each sample is
obtained as a function of corresponding engineering
strains. The average values of the stress-strain data for
ten samples were taken into account (Fig. 7). Two
average stress-strain curves for both materials, RTV
silicone and HMGS, used for the cartilages were ob-
tained and plotted. In current literature, the stress-
strain curves for natural articular cartilages were pub-
lished being described as different types of materails
such as linear elastic and hyperelastic materials.
Young’s modulus of linear elastic materials and shear
modulus of neo-Hookean hyperelastic materials were
given as E = 12 MPa [22]–[24] and G = 13.6 MPa
[19], [25], respectively. Based on the material proper-
ties of both the RTV silicone and HMGS materials
used in this study there were obtained lower than
natural cartilage values. On the other hand, Young’s

modulus of artificial polyurethane elastomer pelvis
(Task-9) and Al-5083 femur models used in this study
was specified as 2.6 GPa and 72 GPa, respectively
[21], [26]. The artificial materials are not similar to
biological healthy bones of which the modulus of
elasticity was reported as 17 GPa for cortical bones
[27] and 0.12 GPa for cancellous bones [22].

Fig. 7. Stress–strain curve of averaged uniaxial tensile test
for hyperelastic and linear elastic cartilage and artificial

cartilage materials: RTV mold silicone and HMGS

         

         

Fig. 6. Schematic view of the test rig
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2.5. Measurement of
contact pressure and area

Fujifilm prescale sensor, paper-based pressure
sensitive film, was used in the tests to measure contact
pressure and area of the hip joint. Low-grade pressure
sensitive film with the capacity of 2.5–10 MPa was
selected to measure the pressures. The calibration of
the film was initially performed considering the
widely used technique by Liggins et al. [28]. To cali-
brate the films, a steel punch polished and hardened
with a diameter of 30 mm and polished metal plate
surface were used to obtain uniform pressure distribu-
tion on the films. A spherical guide in a small spheri-
cal cavity on the punch was used to avoid eccentric
loading effects during the tests. The tests were per-
formed using the same hydraulic press having a ton
capacity of load cell and the loads were applied in
three steps with 5 second loading; increasing up to
maximum value, held for 5 seconds and then released.
The press load was applied to the samples within dif-
ferent magnitudes of 180, 270, 360, 450, 540, 630 and
720 kgf, to obtain different pressure distributions on
the films as in colored stains. The films with colored
red stains were scanned using the same scanner as
mentioned above, with a 600 × 600 dpi resolution.
The calibration tests were performed within the envi-
ronmental conditions of %42 ± 3 Rh humidity and
19 ± 1 °C temperature.

Fig. 8. Pressure sensitive film calibration curve

In order to evaluate the pressure distribution fairly,
some undesired artifacts in the outer area of the
scanned images were wiped out using eraser tool [29].
The images were converted to grayscale form using
MATLAB software and then filtered in average value
of 25 × 25 pixels to remove noises. The average val-
ues of the grayscale optical densities were considered
except the pixels at the outer area and plotted with

respect to the applied pressure. The calibration data of
the optical density were plotted as a function of ap-
plied pressures and then regression analysis was used
to generate the calibration curve (Fig. 8). The mid-
values of the measured data from the samples were
estimated with the calibration curve using the gener-
ated cubic polynomial equation.

3. Results

To evaluate the contact pressure distributions of
a dysplastic hip joint, the scanned images of the pres-
sure films with the colored stains were used to calcu-
late the pressure values by employing the MATLAB
program. The calculated contact pressure values are
shown in Fig. 9 for three different cases of same
loading scenario. As seen from the figure, the rosette
forms of the films were positioned and placed on the
femur head using SOLIDWORKS program with the
same orientation used in the experiments to show the
pressure distributions on the femoral head. Based on
the colored pressure scales, the maximum pressure
value was calculated as 10 MPa, which is also upper
limit of low grade films. In addition, the contact ar-
eas and average contact pressure values of the artifi-
cial dysplastic hip joint used in this study were meas-
ured as 567.24–580.33-652.92 mm2 and 3.01–2.86–
2.67 MPa for three different cases, respectively.

4. Discussion

Many studies in literature have presented contact
stresses in normal and dysplastic hip joints using both
experimental and computer based numerical ap-
proaches. The purpose of these studies was to investi-
gate the damage and degeneration limits of the carti-
lages and bones to determine the risks of aseptic and
avascular necroses [30], [31]. The stresses in biologi-
cal tissues play an important role in their regeneration
[32]. The goal of this study was to measure the con-
tact stresses and areas of a dysplastic hip joint utiliz-
ing the artificial models for conformity instead of
cadaveric model.

The contact areas and pressure values were meas-
ured in variable position in this study since the stress
distributions were non-uniform due to irregular con-
tact surfaces. The peak pressure value was measured
as 10 MPa in our studies using the low grade pressure
films. Several studies presented also the peak press
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values as 10 MPa at neutral position or mid-stance
phase in the normal hip joints [9], [11], [19], [33],
[34]. Afoke et al. presented different peak stress val-

ues as 8, 4.9 MPa [35], 6.2 MPa [9] in their different
studies considering 1.33 times body weight in the
normal hip joints. Konrath et al. [36], Olson et al. [33]

Fig. 9. The pressure distributions on the pressure sensitive films
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and von Eisenhart et al. [11] reported that peak
stresses are measured approximately 6.2 ± 2.8, 8.08
± 2.46 and 7.7±1.95 MPa in their normal hip joint
models, respectively. Michaeli et al. [12] measured
peak contact pressure approximately 6.65 ± 1.85 MPa
using pressure load between 800–1200 N on the nor-
mal cadaveric hip joint. Therefore, the measured peak
pressure values cannot be compared feasibly among
these studies due to the low grade film capacity.

Konrath et al. [36], Olson et al. [33] and Anderson
et al. [19] reported that the mean contact pressure
values measured approximately 3.8 ± 0.95, 4.2 ± 1.1
and 4.7 ± 0.5 MPa, respectively, for mid-stance phase
in their experimental studies. The contact pressure in
literature was calculated using cadaveric normal hip
joints. Based on these studies, the magnitudes of peak
and mean pressures were presented in the range of
5–10 MPa which is acceptable for normal hip joints.
The magnitudes of the peak and mean pressure values
in our experiments are anticipated higher since the
dysplastic hip joint model was used. But the mean
pressure value was measured lower than in current
literature, since the contact area of the dysplastic hip
joint is smaller than the normal hip joint model, used
in literature [19], [33], [36]. Therefore the maximum
pressure value is obtained locally for the small contact
areas in this study (see Fig. 9).

On the other hand, the contact pressure for a normal
hip joint was calculated using finite element based ap-
proaches. Russell et al. [22], Bachtar et al. [37] and
Anderson et al. [19] have calculated the maximum
pressures during walking as 1.89 MPa, 5.50 MPa and
10.78 MPa, respectively. Russell et al. [22] and Ander-
son et al. [19] calculated the contact areas as 2265 and
304.2 mm2, respectively. Russell et al. [22] studied
only dysplastic hip joint using finite element method
and calculated the maximum contact pressure as 6.73
± 3.15 MPa and contact area as 614 ± 183 mm2. There-
fore, there is no measurement of mean pressure values
for a dysplastic hip joints reported in current literature.

In current literature, there are two experimental
studies that have been performed to determine the con-
tact pressure with artificial hip joints. Iliescu et al. [38]
measured and presented the contact pressure and the
stress distribution in normal and dysplastic hip joints
with the use of photoelasticity method. The cartilages
and bones of the hip joint were manufactured from soft
rubber and epoxy resin materials, respectively [38]. They
measured peak pressure values for the normal and dys-
plastic hip as 8 MPa and 13.5 MPa, respectively.
Michaeli et al. [12] measured contact pressures in their
artificial hip biomodels and predicted peak contact stress
of both normal and dysplastic hip joints to compare the

experimental results. They measured the peak stresses in
the artificial models approximately 0.825 ± 0.32 MPa
applying 250 N static forces using the artificial hip mod-
els. Their calculation of the pressure values for both
normal and dysplastic models was performed numeri-
cally for daily living activities. It is very difficult to draw
a clear comparison from these two studies, since Iliescu
et al. [38] used photoelastic models in 2D anteroposte-
rior view of hip joint and Michaeli et al. [12] obtained
experimental results with a ratio scale.

There are two main important factors affecting the
contact characteristics, one is the geometry of contact
surfaces and the other one is material stiffness. The
magnitudes of contact pressures and areas measured
from the tests of the artificial hip joints are highly
dependent on the material properties of the cartilages.
The material properties different than biological tis-
sues are shown in Fig. 7 to clarify the questionable
reasoning of the sample selections for the experi-
ments. Young’s modulus of the artificial cartilages
(see Fig. 7) was measured lower than the articular
cartilage values that causes lower contact pressures
and higher contact areas. For a reasonable evaluation
of the measured results, equivalent material mechani-
cal properties with articular cartilages should be used
in the studies, e.g., Iliescu [38] used articular carti-
lages having similar material properties.

From these studies, the peak values of the contact
pressures were generally calculated in the range of
5–10 MPa even though the contact pressures were
calculated analytically for the dysplastic hip. The ex-
planation of the dysplastic hip behavior is highly de-
pendent on the contact surface characteristics. It is
evidently required that the contact characteristic de-
termination is to reveal the dysplastic hip behavior
since no report is available in literature about contact
characteristics of the hip dysplasia.

Prescale-pressure sensitive film is a valuable tool
to measure both contact areas and pressure distribu-
tions between the contact surfaces in particular
biomechanical studies with an accuracy of 10% [39].
Also the contact areas and pressure values of pressure
sensitive films can be determined less than 10% of
accurate results using the image processes [40]. In
addition, inserting the pressure sensitive film alters the
contact circumstances [41]. The covering of the pres-
sure sensitive film on contact surfaces via stretch film
affects significantly the film’s response [42]. These
findings should not be ignored in evaluating the re-
sults when using the prescale-pressure sensitive film
for the measurements of the contact characteristics.

Validation of the artificial model used in our ex-
periments is required to determine the usability for the
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contact characteristics. In current literature, Anderson
et al. [19] studied the validation of their cadaveric hip
model using both experimental and finite element
analysis. Michaeli et al. [12] used artificial hip model
to compare the analytical results with the corre-
sponding experimental results within a correlation
scale. On the other hand, three-dimensional biomodels
can be used for many purposes such as medical illus-
trations, surgical planning, robotic applications regard-
ing surgical assistance and design of new implants.
Moreover, these models can gain new perspective for
the treatment of patient disorder.

5. Conclusions

A dysplastic total hip joint was modeled in 3D form
using the CT data obtained in vivo from a young adult
female patient. The component of the dysplastic hip joint
including pelvis, proximal femur and cartilages for both
acetabulum and femoral head were produced using dif-
ferent materials and manufactured considering the gen-
erated 3D computerized model of the hip joint. The arti-
ficial hip model produced was tested experimentally to
measure the contact surface areas and contact pressure
distributions. In order to test the dysplastic hip model in
a hydraulic press, specific fixture equipment was de-
signed and manufactured to control the pelvis and
proximal femoral head in a natural standing posture. The
pressure sensitive film was used to measure the contact
surface areas and pressure distributions between the
acetabulum and femoral head.

The confirmation of the methodology followed
and offered bio-models used in this study that might
suitably allow the analysis of contact phenomena in
a degenerated hip dysplasia considering the relevant
studies in current literature. In conclusion, the artifi-
cial dysplastic hip joint was modeled and produced
successfully using the relative CT data since the
measured contact surface area and contact pressure
values were obtained reasonable. Therefore, the artifi-
cial models might be useful to understand the contact
pressure distributions and potential changes in surface
pressure contours and their effects on the stress distri-
butions. In addition, the contact pressure distributions
were calculated successfully by scanning the pressure
sensitive films used in the tests.
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