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Biomechanical changes of hip joint
following different types of corrective osteotomy
— photoelastic studies
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The paper presents the results of some comparative experimental studies that show the biomechanical changes which appear following dif-
ferent types of corrective osteotomy. The photoelastic technique was applied to plane models. The modifications in the stress distribution on the
contour after the osteotomy in comparison with the situation before surgery were studied. Three types of osteotomy are considered: valgus oste-
otomy, varus osteotomy and Chiari pelvis osteotomy. Using the same experimental technique, the distribution of the contact pressure at the
interface between the polyethylene cup and the femoral head is investigated, for a total hip prosthesis, as the extreme solution in the case of
advanced hip arthroses. Both a normal situation and the malposition of prosthetic components were analyzed.
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1. Introduction

The hip joint, which is the most important joint of
the human osteoarticular system, is a ball-and-socket
joint having three degrees of freedom. Due to its com-
plex biomechanical functions, it plays an important role
in the locomotion process, both for statics and dynamics
of the torso. Having a specific architectonic configura-
tion, the femoral joint provides maximum stability by
transmitting the weight of the torso to pelvic members.
At the same time, it represents the center around which
the pelvis modifies its position during walking.

Important modifications in the biomechanics of the
normal hip, with arthritic degeneration which evolves
quite rapidly over time, appear due to different diseases
of this joint. In order to diminish these modifications,
surgery is performed, preferably in an early stage,
which allows us to avoid limited late solutions.

Some of the most frequent disorders of the hip,
possibly leading to hip arthroplasty as the last treat-

ment solution, are the coxarthrosis and the hip dys-
plasia.

In this paper, some results of comparative experi-
mental research using the photoelastic technique are
presented. Different models were used in order to iden-
tify the biomechanical changes of the stress state in the
case of hip diseases or architectonic defects, in compari-
son with the normal anatomic situations. Some correc-
tive and repair osteotomies applied in the surgery prac-
tice to treat hip joint diseases or anomalies are studied
using the same technique. Finally, the biomechanical
behaviour of some hip prostheses, both for normal situa-
tions and malposition, is studied.

2. Physiopathology of hip joint

Congenital luxation of the hip can be defined as
a complete loss of the normal links between the femo-
ral head and the cotyle. This illness can appear at birth
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or later, progressively, as an increase of the femoral
head in abnormal position. There are three stages of
the hip luxation: i) simple dysplasia of the cotyle with
the femoral head, ii) sub-luxation, where the femoral
head is in abnormal position, and iii) high luxation,
where femoral head has a contact with cotyle on
a very small surface [1].

If the orientation defects of the head and cotyle
following this illness are discovered at an advanced
stage, inter-trochanterian corrective osteotomies for
derotation, varus or varus—derotation should be per-
formed. Surgical corrections of the defects of the
cotyle are made either to reorient the whole cavity for
a better coverage of the head (Salter pelvis osteotomy)
or to increase the covering surface (Chiari pelvis oste-
otomy). For hip dysplasia or luxation with important
arthritic modifications, the arthroplasty with total hip
prosthesis is performed.

The arthrosis of hip joint is characterized by a flat-
tening of the anteroexternal femoral head and the
acetabular support surface that moves to the antero-
upper side. These shape changes are responsible for
new biomechanical conditions in the hip joint. The
spherical head, that had one rotation center in an un-
deformed state, has more centers after the deforma-
tion. The contact surface between the femoral head
and acetabulum decreases due to the deformation, thus
leading to an important increase of the pressure on the
joint surface. The pressure peak, which develops on
the reduced contact surface, with time leads to a local
destruction of the cartilaginous tissue and appearance
of pains [2].

Fig. 1. Deformed femoral head

Unlike a normal hip, where the resultant R of the
forces G (weight of the torso) and F,, (force developed
by the abductor muscles) is oriented at 16° with respect
to the vertical direction, in this case the resultant force
decreases and modifies its position: it is oriented slant-
wise downwards as well, but at an angle of 8° with
respect to the vertical position (figure 1). The resultant
tends to the vertical position in proportion with the incli-
nation of acetabular surface; consequently, the contact
between the femoral head and the acetabulum moves.
The reaction force R; = R that appears in the contact
point is eccentric with respect to R [2], giving rise to
a couple that rotates the femoral head (figure 2).

b) i

Fig. 2. Normal hip (a), abnormal hip with an inclined
acetabulum surface (b)

The cup, the synovial membrane and the round
ligament are stressed by this couple, thus favouring the
formation of the osteophytes, a characteristic feature
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of the hip arthrosis. At the same time, the sliding of
the femoral head outwards leads to a plastic deforma-
tion of the acetabular surface.

PAUWELS [3] presents some types of osteotomy
for surgical treatment of the hip arthrosis. The main
goal of such a treatment is to reduce the value of the
maximum pressure on the joint surface, both by a de-
crease of the resultant force R and by an increase of
the bearing area on which the force is distributed.
When the contact surfaces are reduced, they may be
increased by a proper rotation of the femoral head into
the cotyle, either inwards or outwards, depending on
the joint configuration. In incipient hip arthroses,
a varus osteotomy is performed when an inward rota-
tion is necessary for the reconstruction of the joint
congruence (figure 3). Thus, the bearing surface is
increased, the contact pressure is diminished and the
lever arm of F,, is also increased [4].

|

Fig. 4. Advanced hip arthrosis (a), valgus osteotomy (b)

In advanced hip arthrosis, when the rotation is made
outwards (figure 4a), the valgus osteotomy (figure 4b) is
indicated for the reconstruction of the joint congruence.
The bearing is increased in this case while the contact
pressure decreases and the resultant force R becomes
vertical. The lever arm of the muscular force F,, de-
creases; in order to keep its couple constant, the value
of F,, increases. As a result, a small increase of the
resultant force R can be noticed. Since the bearing sur-
face becomes bigger after the osteotomy, the contact
pressure remains almost constant.

Another method for enlarging the bearing surface
of the hip and thus to diminish the contact pressure is
the Chiari hip osteotomy (figure 5). An internal dis-
placement of the whole joint is obtained due to oste-
otomy of this type, which leads to a reduction of the
lever arm of the weight G and to a change of the di-
rection of the force F, developed by the abductor
muscles; this force becomes vertical. These modifica-
tions determine a diminution of the resultant R and an
increase of the bearing surface of the joint; thus the
contact pressure is substantially decreased [5], [6].

Fig. 5. Chiari osteotomy

3. Experimental research:
description and results

The experimental investigations were undertaken
on plane photoelastic models of the bone structures
examined. The models were machined from an epoxy
resin, according to X-ray pictures. In order to better
model the real structures, the cartilaginous tissues
were made from a thin soft rubber layer. The elastic
constants of the materials used in this experiment are
given in the table. Special loading devices with cali-
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brated weights were used in order to apply the load
considered, scaled down to the proper values. All the
models were analyzed in a polariscope with white or
monochromatic light, whose polarization was either
plane or circular. Photographs of the isochromatic
fringes were taken for further determination of the
principal stress fields on the contours of the models.
Before the experimental investigation of the models
considered, a calibration of the photoelastic material
was made, yielding a value of the photoelastic con-
stant of the material £, = 1.85 MPa/fringe.

Elastic constants of the materials
used in the photoelastic analysis

. Young’s modulus . , .
Material [MPa] Poisson’s ratio
Photoelastic epoxy resin 3,200 0.38
Soft rubber 12 0.49

b)

Fig. 6. Isochromatic fringes for normal hip (a),
isochromatic fringes for hip with dysplasia (b)

The first study was undertaken in order to show the
biomechanical changes that appear in the stress field
due to architectural defects of the hip joint. The stress
state was obtained both for a normal hip in two-leg
support and a hip with luxation and lateral dysplasia in
one-leg support. The isochromatic fields recorded on
plane models of the hip are presented in figure 6 for
both cases: a normal hip (figure 6a) and a hip with
luxation and dysplasia (figure 6b). A polariscope with
circularly polarized white light was used for this analy-
sis. The model of the joint in two-leg support was
loaded with a force of 1 kN, representing the resultant
force R (between G and F),) transmitted to the pelvis
and applied in the sacrum area, at a scale of 1:2.4.

Using the isochromatic fringe field from figure 6
the variation of the principal stress difference o1 — o
on the contour of the cotyloid cavity was plotted for
both cases (figure 7).

a) b)

Fig. 7. Variation of the principal stress difference for a normal hip (a),
variation of the principal stress difference for a hip with dysplasia (b)

The next study emphasized the improvements in
the biomechanics of the hip following the Chiari oste-
otomy. A plane photoelastic model of the hip, manu-
factured according to an X-ray picture taken after
osteotomy, was studied in a polariscope with circu-
larly polarized light (figure 8a). A load of 800 N
(three times smaller than the real force) was applied in
the sacrum area, for two-leg support.

The variation of the principal stress difference
oy — o3 on the surface of the cotyle in this case of
osteotomy is presented in figure 8b. The isochromatic
fringe field was also obtained from a model manu-
factured according to an X-ray picture taken two years
after a Chiari osteotomy (figure 9a). The variation of
the principal stress difference o; — o in this case is
plotted in figure 9b. One can observe that the stress
distribution in the latter case tends to be similar to the
one characteristic of a normal hip (figure 7a). This
better distribution is due to the new, bigger contact
zone between the cotyle and femoral head, obtained
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o1 - o2 [MPa]

b)

Fig. 8. Isochromatic fringes after the Chiari osteotomy (a),
variation of the principal stress difference
after the Chiari osteotomy (b)

through the recovery and remodelling of the bone
tissue after the surgery.

Sometimes the hip arthroplasty used in advanced hip
arthrosis presents post-surgery complications due to
tardy decementation of the prostheses following the
implantation defects [7], [8]. The last experimental study
deals with the determination of abnormal stress state due
to the malposition of the prosthetic components. A plane
model of the prosthetic hip joint was manufactured from
two different photoelastic materials: epoxy resin for the
bone tissue of the iliac crest and femoral diaphysis (with
the elastic constants from the table) and polymethyl-
methacrylate (PMMA, plexiglas), with lower optical
sensitivity, for the cup and femoral piece (having the
Young’s modulus £ = 2800 MPa and Poisson’s ratio
v=0.37). The acetabular cup was fixed in the cotyle in

G1 - 62 [MPa]

b)

Fig. 9. Isochromatic fringes two years after
the Chiari osteotomy (a), variation of the principal
stress difference two years after the Chiari osteotomy (b)

three different positions: normal, vertically displaced
and horizontally displaced. A special adhesive (X-60),
simulating the cement layer was used. Using the same
adhesive, the femoral piece was implanted also in three
positions: normal, varus and valgus. Using a system
with levers and weights, the models were loaded with
a force of 800 N (scale of 1:2.4 of the real force) ap-
plied to the top of the cotyle. The photoelastic analysis
was done using a polariscope with circularly polarized
light (both white and monochromatic).

The field of isochromatic fringes recorded in white
light for the first analyzed case (cup and femoral piece
in a normal position) is shown in figure 10a, while the
one for the third case (normal position of the cup and
the femoral piece in varus) is presented in figure 11a.
Using the information extracted from these fields, the
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variation of the principal stress o for the first case
and for the third case (at the interfaces of cup-iliac
bone and prosthesis—femoral bone and on the contour
of the femur in the epiphyseal-diaphyseal zone) are
presented in figures 10b and 11b, respectively.

Gi - 6: [MPa]

b)

Fig. 10. Isochromatic fringes in the bone tissue for
a normal position (a), variation of the principal stress o
at the interfaces of cup—bone tissue and femoral piece—bone tissue
for a normal position of the prosthetic components (b)

GC1 - 02 [MPa]

)
Uy
=

(
rilingyy

»"“

13.48,_12.24 61 - 62 [MPa]
12.24 8.1 4.0
8.16 8;?
4.08 8.16
c1 - 62 [MPa] 8.1 S

12.24/}
12.77

12.24

12.24

b)

Fig. 11. Isochromatic fringes in the femoral diaphysis for
a varus implantation of the femoral piece (a), variation of
the principal stress o; for a varus implantation
of the femoral piece (b)
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4. Conclusions

Some important conclusions regarding the contact
pressure distribution in some cases of hip joint disor-
ders may be drawn from the photoelastic investiga-
tions undertaken. Improvements that may be obtained
following the corrective osteotomies in the case of
these diseases are also emphasized.

As can be seen in figure 7b, an insufficient cover-
age of the femoral head due to a deficient development
in depth of the cotyloid cavity can be found for a hip
with luxation and lateral dysplasia in one-leg support.
In this case, cotyle has a contact with femoral head on
a reduced surface; as a result, the stress distribution
shown in figure 7b has a peak whose value is by 70%
greater than the one for a normal hip.

The results of the photoelastic investigations on
the Chiari corrective osteotomy (figure 8a) show that,
immediately after the operation, the maximum value
of the principal stress difference on the surface of the
cotyle is 11.5 MPa (by 43.7% greater than for a nor-
mal hip and by 17.4% smaller than before osteotomy).
With time, after the surgery, a new and larger contact
zone is established between the cotyle and femoral
head due to the recovery and remodelling of the bone
tissue. Consequently, the contact pressure distribution
is modified, tending to the normal one, as is shown in
figure 9b.

The investigations on the hip prostheses show
that the distribution of the principal stress difference
o1 — o3 on the surface of the cotyle is close to the
normal one (figure 10b). Greater stresses appear due
to the difference between the elastic moduli of the
materials (bone and acetabular cup). The shearing
stresses at the interface of bone—femoral piece have
small concentrations in the area of the femoral spur
and internal cortex, along the length of the prosthe-
sis. The results of the research on models with mal-
position of prosthetic components (figure 11b) re-
vealed that the principal stress difference on the
cotyle surface is by 52% greater compared to the
normal situation. A greater stress concentration on
the diaphysis, at the femoral spur, is noticed (by 32%

greater than in the case of correct implantation). The
same phenomenon is observed in the contact area of
the prosthesis with the great trochanter, while a dimi-
nution of the stresses may be found at the inner cor-
tex along the whole length of the prosthesis. These
low values show that the load of the prosthesis—ce-
ment assembly in the case of incorrect implantation
is greater compared to the normal situation. Thus, the
load of the cement layer is higher.

The principal stress difference o7 — o5 is always
twice as large as the maximum shear stress 7. Un-
der the shear stress, cement fails leading to a partial
decementation of the prosthesis. With time, due to the
continuous loading, the total decementation may occur,
both at the femoral piece and the acetabular piece.
Local micromovements load both the bones and the
femoral piece by tilting, leading to a possible failure
of the prosthesis due to fatigue.
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