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Abstract

In this study, three-dimensional finite element models based on the specific anatomy of a patient
presenting a femoroacetabular impingement of the cam-type are developed. The finite element
meshes of the structures of interest are obtained from arthrographic magnetic resonance images
captured before and after surgical treatment. A finite element analysis of a normal hip is also
performed for comparison with the pathological case. Physiological loadings and rotational motions
are applied. Stresses and contact pressures are evaluated in these patient-specific models in order
to better interpret the mechanism of aggression of the femoral and acetabular cartilages and to
evaluate the effectiveness of the surgery. The results of the analyses are presented and discussed.
The values obtained for the contact pressures in the pathological hip are similar to those reported
by other models based on idealised geometries or similar reconstruction methodologies and are
larger than the ones obtained in the same hip after the surgical treatment and in the normal hip.

Keywords: hip joint, femoroacetabular impingement, osteoarthritis, femoral cartilage, acetab-
ular cartilage, labrum, 3D reconstruction, finite element method, contact pressure, Von Mises stress.

1 Introduction

The hip joint is unique anatomically and
physiologically and is one of the most important
joints in the human body. The hip is a classical
ball-and-socket joint formed by the femur and the
pelvic bone (acetabulum). It is the structural
link between the lower extremities and the ax-
ial skeleton, transmitting forces from the ground
and also carrying forces from the upper extrem-
ities and playing a fundamental role in human
locomotion [1, 2]. Alterations in the anatomy

of this joint, such as femoroacetabular impinge-
ment (FAI), can have a great impact in the func-
tion of the hip during sports or even routine daily
activities and can be a potential cause of human
osteoarthritis (OA) [3].

1.1 Femoroacetabular Impingement

Femoroacetabular impingement is a pathol-
ogy of the hip that is a recognized precursor
of joint degeneration. It is characterized by
an abnormal morphological relation between the
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femoral head and the acetabular cavity that leads
to abutment of the femur against the acetabulum
during joint motion (mostly flexural and internal
rotations) [4]. There are two types of FAI: cam
type and pincer type. The cam type is caused
by an asphericity in the femoral head (usually
located at the anterosuperior quadrant of the re-
gion of transition with the anatomical neck) and
the pincer type is caused by an abnormal mor-
phology of the acetabulum. The different types
of FAI are represented in Figure 1.

Figure 1: Normal hip and hip with the different
types of FAI - cam, pincer and mixed.[5].

The cam type is typically seen in men with
ages between 20 and 30 years. The asphericity,
which can manifest itself as a flattening of the
anterior contour of the femoral head or as an os-
seous bump, creates a decreased femoral head-
neck offset. As the asphericity penetrates into
the socket, the cartilages are submitted to a non-
physiological (excessive) pressure that can cause
macroscopic visible lesions.

At the aspherical femoral head in patients
with cam type FAI submitted to surgery, there
exists systematically an aspect of increasing fib-
rillar chondromalacia from the equatorial region
to the periphery (Figure 2). These observations
are supported by several researchers who found,
in the acetabular cartilage of patients with FAI,
an increase in the expression of biological mark-
ers of OA [6, 7].

Figure 2: Open surgery that shows the presence of
fibrillar chondromalacia on the regions of the defor-
mity.

It is possible to quantify the amount of as-
phericity of the femoral head using the alpha an-
gle. The alpha angle is the angle between the
femoral neck axis and a line connecting the head
center with the point where the asphericity be-
gins and it can be measured on radiographs [4].
The upper value for the normal alpha angle is
around 42-43o. With cam FAI there is a de-
creased femoral head-neck offset which gives rise
to an increased value of the alpha angle.

The treatment of the cam type FAI is essen-
tially surgical [8–11] and relies on trimming the
head neck junction to remove the non spherical
part of the head (osteochondroplasty) .

1.2 Literature Review

Several previous studies report values of the
intra-articular pressures in the hip joint. Brown
and Shaw [12] reported a peak contact pressure
in the hip joint of 8.8 MPa for an applied load
of 2700 N. Afoke et al [13] measured peak con-
tact pressures varying from 4.9 to 10.2 MPa for
applied loads varying from 1980 to 2555 N and
a flexural rotation of 27o. Michaeli et al [14]
measured peak contact pressures varying from 2
to 8.4 MPa for applied loads varying from 800
to 1200 N. Also von Eisenhart et al [15] mea-
sured maximum contact pressures in the acetab-
ulum during simulated walking of 6.4 ± 1.75
MPa at heel strike (for a total applied load of
94% body weight), 7.7 ± 1.95 MPa at midstance

2



(345% body weight), 6.4 ± 1.33 MPa at heel-
off (223% body weight) and 5.4 ± 1.7 MPa at
toe-off (80% body weight). Finally, Anderson
et al[16] reported experimental pressures ranging
from 1.7 to 10.0 MPa during simulated walking,
stair climbing and descending stairs.

In the work by Chegini et al [17], the authors
developed computational models of normal and
pathological joints based on variations of the al-
pha angle and center edge (CE) angle. The al-
pha angle was varied between 40o (normal hip)
and 80o (cam FAI) and the CE angle was var-
ied between 0o (hip dysplasia) and 40o (pincer
FAI). Dynamic loads and motions were applied
simulating walking and standing to sitting mo-
tion. For a hip with cam FAI (CE angle of 30o

and alpha angle of 80o) the maximum contact
pressure on the acetabular cartilage and labrum
was of 12.84 MPa for the standing to sitting mo-
tion and 2.35 MPa for walking. The authors con-
cluded that the stresses in the hip joint depend
strongly on the geometry of the bony components
of the hip and that the pressures are lower for a
CE angle between 20o and 30o and an alpha angle
smaller than 50o.

In the study by Jorge et al [18] the objec-
tive was to evaluate the magnitudes of the con-
tact pressures and stresses on the soft compo-
nents of a hip joint with cam FAI for physiologi-
cal loading and motion. They used a reconstruc-
tion methodology similar to the one used in this
paper. The authors used a set of 16 Magnetic
resonance imaging (MRI) radial images from a
patient with cam FAI with an alpha angle of 98o

and a CE angle of 30o. For a pure flexural rota-
tion of 90othe maximum pressures obtained were
of 12-13 MPa for the cartilages and 16 MPa for
the labrum. For a pure internal rotation of 24o

maximum pressures of 13-14 MPa for the carti-
lages and 15 MPa for the labrum were obtained.

2 Reconstruction Methodology

In order to evaluate the order of magnitude
of the intra-articular pressures as well as the
stresses in the cartilages as a result of the ex-
istence of an impingement in the hip, or in a nor-
mal hip joint, three cases are analysed.

The 3-D reconstruction methodology is ap-
plied to a hip joint of a 21 year-old male pa-
tient with a cam-type deformity before and af-
ter the surgical treatment and to a normal hip
joint (with no deformity) of a 30-year old female
patient. Three sets of medical images (one for
each case) were provided by a physician, each
one composed by a sequence of 24 images.

The initial data set, for the pathological case
(alpha angle equal to 90o), is a set of 24 images
that is represented by sequential order in Fig-
ure 3. These images were obtained through MRI
with the injection of a contrast (intra articular
saline solution with Gadolinium) to improve the
visualization of the joint components (magnetic
ressonance arthrography - MRA). This set of ra-
dial images was acquired with a rotation axis co-
incident with the geometric axis of the femoral
neck and containing the centre of rotation of the
femoral head. The radial angles of acquisition
vary from 0o to 172.5o with angular increments
of 7.5o.

Figure 3: Sequence of MRA images obtained from
the patient with cam FAI.

Using Rhinocerosr, the 24 MRA images are
manually segmented. This software allows 3D-
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modelling and is used for the manual segmen-
tation with spline curves of the medical images
[19]. The segmentation allows the extraction of
the data relative to the contours that delimit
the anatomical structures that constitute the hip
joint. In Figure 4, a three-dimensional represen-
tation of the 24 acquisition planes, obtained at
the end of the segmentation process, can be ob-
served. The figure shows the 24 planes and their
position relative to the femur (green) and acetab-
ulum (red).

Figure 4: Three-dimensional representation of the
24 acquisition planes in Rhinocerosr.

In order to obtain the 3D reconstruction of
the soft structures of the hip joint, a mathemati-
cal surface representation of the geometrical data
extracted from Rhinocerosr is determined. This
is accomplished using an implicit surface inter-
polation technique based on Radial Basis Func-
tions (RBFs) [18]. Several previous works have
shown that RBFs are effective in the reconstruc-
tion of medical data [18, 20, 21]. Use is made of
the toolbox r - FastRbfTM (from Fast Field Tech-
nology), designed for MATLABr. The toolbox
allows the smooth interpolation of the 3D data
(clouds of points) in order to obtain a represen-
tation of the surface of interest.The final surfaces
obtained using this method are represented in
Figure 5.

Figure 5: Components of the hip joint (femoral
cartilage, acetabular cartilage and labrum) obtained
from the three-dimensional reconstruction with RBFs.

The three-dimensional solid models of
the anatomical structures are created using
SolidWorksr [22]. The 3D solid models, in which
the triangular surfaces are interpolated with B-
spline cubic patches, are generated and the pieces
are combined in order to obtain similar triangu-
lar patches in the contact surfaces. The final
components of the hip joint are represented in
Figure 6.

Figure 6: Assembly of the anatomical structures of
the pathological hip at the end of the treatment in
SolidWorksr.

The solid models obtained using SolidWorks
are automatically discretised into finite elements
using ABAQUS CAE v.6.9. The Finite Element
(FE) mesh of the whole model is represented in
Figure 7. The complete mesh of the hip joint
contains a total of 270109 tetrahedral linear ele-
ments.
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Figure 7: Final finite element mesh of the cam
hip model obtained using ABAQUSr. The complete
mesh of the hip has a total of 270109 tetrahedral lin-
ear elements.

After an arthroscopic femoral osteoplasty
with labrum refixation, another set of radial im-
ages was acquired. The final FE mesh of the
model obtained using a similar reconstruction
methodology can be visualized in Figure 8 (a).
The complete mesh of the hip has a total of
274074 tetrahedral linear elements. Images of a
patient with a normal hip joint (alpha angle equal
to 45o) were also acquired. The FE mesh of the
whole model, obtained using again the same re-
construction methodology, is represented in Fig-
ure 8 (b). The mesh has a total of 188635 tetra-
hedral linear elements.

Figure 8: (a) Final finite element mesh of the post-
operative hip model obtained using ABAQUSr. The
complete mesh of the hip has a total of 274074 tetra-
hedral elements. (b)Final finite element mesh of the
normal hip model obtained using ABAQUSr. The
complete mesh of the hip has a total of 188635 tetra-
hedral linear elements.

3 Results

Previous 2D analyses considering the bony
structures as linear elastic or rigid showed practi-
cally the same values for the intra-articular pres-
sures [23]. Thus, all the present analyses are
performed considering the femur and the acetab-
ulum as rigid bodies. The cartilages and the
labrum are considered linear elastic and isotropic.
The articular cartilage is a biphasic material with
a time-dependent behaviour. However, the load-
ing frequency for normal activities, as walking
and sitting, is of the order of 1 Hz, therefore the
time-dependent behaviour can be neglected [17].
The articular cartilage has a modulus of elactic-
ity, E = 12 MPa [24] and a Poisson ratio of 0.4
[17, 18] and the labrum has a E = 20 MPa and
a Poisson ratio of 0.4 [17, 18]. These mechanical
properties are the same for all the hips analysed
in this work. The outer surfaces of the soft tis-
sues in contact with the acetabulum are fixed. All
the analyses performed with Abaqus V6.9 are ge-
ometrically non-linear. A surface-to surface con-
tact is adopted between the femoral cartilage, as
master surface, and the acetabular cartilage and
labrum (considered to be tied together), as slave
surfaces. The interaction between these two sur-
faces is considered frictionless and the parame-
ter ”finite sliding” is used. Several loading paths
are considered. First, the hip joints are sub-
jected only to a physiological compression force
in the frontal plane applied at the centroid of the
femoral head. With the joints subjected to the
compression force, several motions (pure internal
and flexural rotations), within the physiological
range, are simulated. The three hips analysed
in this work are subjected to the same boundary
and loading conditions. All the analysis are per-
formed considering that the three patients have
a weight of 75 kg (750 N).
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The 3 loading paths used in the analyses are:

(a) First, the hip joint is subjected to a com-
pression force with a component of 450 N along
the horizontal axis (x-axis) and a component of
1875 N along the vertical axis (y-axis). These val-
ues correspond to the maximum force observed
during walking and for an individual weight of
750 N [25]. Next, with the joint subjected to this
compression force, the effect of a pure internal
rotation (about the y-axis) of 45o is simulated.

b) First, the hip joint is subjected to the com-
pression force of case a) and next, with the joint
still subjected to this compression force, the ef-
fect of a pure flexural rotation (about the x-axis)
of 90o is simulated.

c) First, the hip joint is subjected to a com-
pression force with a component of 225 N along
the horizontal axis (x-axis) and a component of
1125 N along the vertical axis (y-axis). These val-
ues correspond to the maximum force observed
in the standing to sitting motion and for an indi-
vidual weight of 750 N [25]. Next, with the joint
subjected to this compression force, the effect of
a pure flexural rotation (about the x-axis) of 90o

is simulated.

During the pure flexural and internal rota-
tions, 11 nodes in the FE mesh of the femoral
cartilage of the cam hip are selected, defining
straight lines perpendicular to the axis of rota-
tion (Figures 9 and 10). The extremities of these
lines are located in the highest and lowest (tran-
sition to the cephalic region closest to the neck in
the case of the pure flexural rotation or equatorial
region in the case of the pure internal rotation)
regions of the cam deformity.

Figure 9: Nodes selected in the FE mesh of the
femoral cartilage of the cam hip. (A) Internal ro-
tation - 5 nodes selected numbered from C1 to C5
defining a line perpendicular to the y-axis. (B) Flex-
ural rotation - 6 nodes selected numbered from C6 to
C11 defining a line perpendicular to the x-axis.

Figure 10: Nodes selected in the FE mesh of the
femoral cartilage of the cam hip. (a) Internal rotation
- The distance of the nodes to the axis of rotation in-
creases in the direction of the equator of the femoral
head. (b) Flexural rotation.

FE analyses of the cam hip after surgical
treatment (case 2) and of a non-cam hip (case
3) are also performed for comparison with the
pathological case. As in the cam hip model,
11 nodes in the FE mesh of the correspond-
ing femoral cartilage of the patient after surgi-
cal treatment, are selected defining straight lines
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perpendicular to the axis of flexural rotation (P6
to P11) and to the axis of internal rotation (P1
to P5). For the case of a normal hip morphology,
11 nodes (N1 to N11) from the FE mesh of the
femoral cartilage are selected, defining a line per-
pendicular to the y-axis (internal rotation) and
to the x axis (flexural rotation). These nodes
are located in regions corresponding to the ones
to which the nodes selected in the deformity of
the cam hip belong. In Table 1, maximum con-
tact pressures obtained in the pathological case,
at the end of each loading path, are presented.

Table 1: Summary of the results obtained for the
pathological case at the end of the three loading paths.
The maximum values of contact pressure on femoral
cartilage (FC), acetabular cartilage (AC) and labrum
(L), are represented.

Loading path angle of Max. Contact
rotation Pressure (MPa)

Path a) 40.5o
FC 12.450
AC 15.985
L 15.819

Path b) 90o
FC 7.114
AC 10.229
L 7.080

Path c) 90o
FC 7.362
AC 11.442
L 6.390

A plot, showing the evolution of the contact
pressures on the nodes selected perpendicularly
to the rotation axis, with the angle of internal
rotation, is represented in Figure 11.

Figure 11: Evolution of the contact pressures dur-
ing internal rotation of the femur on the nodes se-
lected perpendicularly to the internal rotation axis.
The contact pressures vary between 0 and 11.527 MPa
(node C2).

The evolution of the contact pressures on the
nodes selected perpendicularly to the rotation
axiswith the angle of flexural rotation, is repre-
sented in Figure 12.

Figure 12: Evolution of the contact pressure dur-
ing flexural rotation of the femur on the nodes se-
lected perpendicularly to the axis of flexural rotation
for loading path b). The pressure varies between 0
and 7.114 MPa (node C10).

The results obtained for the loading path c)
are similar to those obtained in loading path b).
The plot, showing the evolution of the contact
pressure on the selected nodes, with the angle of
flexural rotation, is represented in (Figure 13).
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Figure 13: Evolution of the contact pressure dur-
ing flexural rotation of the femur on the nodes se-
lected perpendicularly to the axis of flexural rotation
for loading path c). The pressure varies between 0
and 6.02 MPa (node C9).

In Table 2, the maximum contact pressures
obtained in the postoperative case, at the end of
each loading path, are presented.

Table 2: Summary of the results obtained for the
postoperative case at the end of the three loading
paths. The maximum values of contact pressure on
femoral cartilage (FC), acetabular cartilage (AC) and
labrum (L), are represented.

Loading Path angle of Max. Contact
rotation Pressure (MPa)

Path a) 45o
FC 10.433
AC 10.343
L 11.237

Path b) 90o
FC 6.816
AC 7.796
L 9.976

Path c) 90o
FC 6.643
AC 7.275
L 8.688

The plot showing the evolution of the contact
pressure on the points selected perpendicularly to
the internal rotation axis with the angle of inter-
nal rotation, is represented in Figure 14.

Figure 14: Evolution of the contact pressure dur-
ing internal rotation of the femur on the nodes se-
lected perpendicularly to the axis of internal rotation.
The contact pressure varies between 0 and 4.823 MPa
(node P3).

The evolution of the contact pressure on the
nodes selected perpendicularly to the rotation
axis, with the angle of flexural rotation, is repre-
sented in Figure 15.

Figure 15: Evolution of the contact pressure dur-
ing flexural rotation of the femur on the nodes se-
lected perpendicularly to the axis of flexural rotation
for loading path b). The magnitudes vary between
between 0 and 3.012 MPa (node P11).

The results obtained for loading path c) are
similar to those obtained for loading path b).
The plot that shows the evolution of the contact
pressure on the selected nodes, with the angle of
flexural rotation, is represented in Figure 16.
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Figure 16: Evolution of the contact pressure dur-
ing flexural rotation of the femur on the nodes se-
lected perpendicularly to the axis of flexural rotation
for loading path c). The pressure varies between 0
and 2.139 MPa (node P11).

In Table 3, the maximum contact pressures
obtained in the normal hip joint at the end of
each loading path, are presented.

Table 3: Summary of the results obtained for the
normal hip joint at the end of the three loading paths.
The maximum values of contact pressure on femoral
cartilage (FC), acetabular cartilage (AC) and labrum
(L), are represented.

Loading Path angle of Max. Contact
rotation Pressure (MPa)

Path a) 45o
FC 10.508
AC 9.383
L 11.117

Path b) 40.5o
FC 13.958
AC 13.574
L 13.138

Path c) 45o
FC 13.493
AC 10.885
L 16.938

The maximum pressures on the femoral carti-
lage, acetabular cartilage and labrum for loading
paths b) and c) are believed to be artificial and
due to reconstruction problems since the analyses
stopped before the total rotation was achieved.

The plot showing the evolution of the contact
pressure at the nodes selected perpendicularly to
the internal rotation axis is represented in Figure
17.

Figure 17: Evolution of the contact pressure dur-
ing internal rotation of the femur on the nodes se-
lected perpendicularly to the axis of internal rotation.
The contact pressure varies between 0 and 8.632 MPa
(node N3).

Due to convergence problems the analysis of
the loading path b) and of the loading path c)
stop when the flexural rotation is equal to 40.5o

and 45o, respectively. Due to this reason, the
contact pressure and the Von Mises stress on the
points selected perpendicularly to the flexural ro-
tation axis are not represented.

4 Discussion

The main goals of this thesis are: (1) to con-
tribute to a better understanding and interpreta-
tion of the mechanism of aggression of the carti-
lage in the cam case; (2) to build subject-specific
3D models of the hip joint following reconstruc-
tion procedures based on medical images; (3) to
perform FE analyses on these 3D models, to eval-
uate the order of magnitude of pressures at the
contact zone and stresses in the cartilages in a
cam hip and therefore to establish a correlation
with the abnormality and (4) to compare the re-
sults with the results obtained in the same cam
hip after surgical treatment, in a non-cam hip
and in other models so as to validate the analyses
and to evaluate the effectiveness of the surgery.

In this study, the FE analyses are performed
on models based on the specific anatomy of pa-
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tients obtained by reconstruction methodologies
and not on totally computer-generated models.
The major limitations of the present models are
concerned with the physical behaviour of the car-
tilages which are so far considered linear elastic;
also, although less important, the bones are con-
sidered rigid; the present models also do not in-
clude other tissues present in the hip joint; finally,
the manual segmentation performed on the MRA
images still is of limited resolution and sometimes
it can lead to reconstruction problems.

The rotation movement in the joint seems to
be the determinant factor of the origin of high
contact pressures in the hips and in particular in
the hip with cam-type deformity. The selected
movements were chosen to be the more signifi-
cant in daily activities, namely standing to sit-
ting. This movement implies flexural rotation of
the hip joint ranging from 60o to 90o.

For an internal rotation movement, compar-
ing the contact pressures in the selected points on
the deformity region of the femoral head (Figures
11 and 14) one can observe that in the patholog-
ical case the pressures are much higher than in
the postoperative case. In the pathological case
we can also observe that the contact pressures in-
crease with the distance of the point to the cen-
tre of rotation. The nodes located in an area of
the femoral head with larger radius of curvature
are permanently subjected to a larger and last-
ing contact pressure than the nodes belonging to
the area with smaller radius of curvature. This
increase of the contact pressures from the equa-
tor of the femoral head to the peripheral regions,
where the radius of curvature is larger, seems to
be in agreement with the macroscopic lesions ob-
served in the cartilage of patients with cam-type
FAI submitted to surgery.

A similar behavior between the pathological
and the postoperative cases is observed when a

flexural rotation is imposed. Comparing the con-
tact pressures on the selected points on the defor-
mity region of the femoral head (Figures 12 and
15) one can observe that in the pathological case
the pressures are much higher than in the post-
operative case. In the pathological case the max-
imum is two times higher. A similar behaviour
between the pathological and the postoperative
cases is observed when the flexural rotation of
loading path c) is imposed.

Comparing now the results obtained in the
pathological case with the ones obtained in the
normal hip, one observes that, for an internal ro-
tation of the femur, the contact pressures and
stresses are lower in the normal hip and closer
to the values obtained in the postoperative case.
Comparing the contact pressures on the selected
points on the deformity region of the femoral
head (Figures 11 and 17) one can observe that
in the pathological case the pressures are higher
than in the normal hip. Comparing now Figures
14 and 17 one can observe that the pressures on
the selected points in the postoperative case are
lower than the ones obtained in the normal case.
That is the pressure on the selected points de-
creases with the surgery and is even lower than
in a normal joint.

Although the results of the analyses depend
on a number of factors including joint incon-
gruity, cartilage thickness and material proper-
ties, the FE models of the postoperative case and
of the normal hip provided predictions for the
contact pressures that are in the range of pub-
lished experimental data on normal hip joints.
The FE model of the cam hip also provided pre-
dictions for the contact pressures that are in the
range of published data obtained on a virtual
pathological hip [17] and on a patient specific
model of a cam hip obtained using a similar re-
construction methodology [18].
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The values obtained for the contact pressures
and Von Mises stresses in the pathological hip are
larger than the ones obtained in the same hip af-
ter the surgical treatment and in the normal hip
when an internal rotation is imposed. The val-
ues obtained in the postoperative model are even
lower than the values obtained in the normal hip
model. This seems to indicate that the surgery
is really effective in reducing the intra-articular
pressures and stresses not only in the region of
the deformity but also in all the joint. When a
flexural rotation is imposed the values of the con-
tact pressures and stresses obtained in the patho-
logical hip are also larger than the ones obtained
after surgery. For this motion, the results ob-
tained in the normal hip model are artificial due
to a problem in the reconstruction of the femoral
cartilage and could not be compared with the
ones obtained in the pathological hip before and
after the surgery.

Future developments of the model may in-
clude the consideration of the cartilages as porous
materials; reconstruction of hip joints including
other surrounding tissues like ligaments; consid-
eration of bones as non-rigid; consideration of
other imposed forces, motions and more complex
boundary conditions. Furthermore, to make the
analysis more subject-specific, the material con-
stants of the soft tissues of the patients should
be measured and used in the analyses.
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