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Different anatomical and mechanical factors inducing growth plate overloading have been implicated in the etiology of
Slipped Capital Femoral Epiphysis (SCFE). Loading and the subsequent risk of fracture at the epiphyseal growth plate of
the femoral head have been poorly investigated so far, so in this work, we analyse Slipped Capital Femoral Epiphysis from
a mechanical point of view. The aim of this research is to determine the influence of the proximal femoral geometry on the
growth plate slippage. This is accomplished by means of Finite Element Analyses (FEA) of a parametric model of the
proximal femur previously created. An adolescent standardized femur is defined based on average geometrical parameters
collected in literature of healthy and slipped hips. In order to evaluate the potential of this parametric model, we compared
successfully their results with those obtained using models from actual geometries of a pre-SCFE and a healthy hip of a
child. Next, this parametric model is adapted to simulate subject specific situations. The most important parameters: the
Physis Sloping Angle (PSA) and the Posterior Sloping Angle of the Physis (L), are varied and their effect under the same
loads corresponding to walking and stairs climbing is investigated. The computed results show a strong dependence of the
growth plate failure on the geometry of the proximal femur. Higher values of the Physis Sloping Angle (PSA) and the
Posterior Sloping Angle (L) are related to higher growth plate stresses and therefore to a more likely slippage. The highest
stress level is always found in the medial region of the physis, a site where usually growth plate starts to fail.
Key words: Slipped Capital Femoral Epiphysis, Finite Element Analysis, Growth Plate, Biomechanical Parametric Model.

1.

INTRODUCTION

Slipped Capital Femoral Epiphysis (SCFE) is the most
common disorder of the adolescent hip [1]. It occurs in 5 of
100.000 children from 10 to 15 years old [2,3]. SCFE
consists on a posterior and medial slippage of the proximal
femoral epiphysis at the metaphysis, occurring through the
physeal plate. The diagnosis of SCFE is, unfortunately, not
easy in many cases which implies a delay in its treatment.
This delay results in a less favorable long-term prognosis
[1] and risk of other secondary effects, such as, osteonecrosis
of the femoral head [4] and degenerative hip arthritis [1].
Thus, it is very important to develop predictive methods for
early detection of SCFE.
Different factors such as endocrine disorders [5] and
radiation therapy [6] have been found to be associated with
the development of SCFE. However, in most cases the
aetiology remains unknown. Idiopathic SCFE has been
related to many factors, including overweight [7], physeal
orientation [8,9], abnormalities in the physeal architecture
[10,11] and hormonal changes during adolescence that affect
the physeal strength [1].
The stress magnitude at the femoral capital physis under
physiological and overweight loads has not been sufficiently
addressed. To our knowledge, the analysis of the different
factors affecting SCFE have been mainly focused on several
geometrical features of the proximal femur and parameters

such as weight, height or age of the patient [8,9]. However,
mechanical factors, such as strain and stress distributions
on the growth plate, which could explain failure of the
proximal growth plate have not been fully studied. A recent
work of Fishkin et al. [12] analyzed the stress distribution
in the growth plate in the stance phase activity varying the
angle of the femoral neck version. We also recently presented
a finite element model of both proximal femora of a child
affected by pre-SCFE in his left leg and compared the
distribution of stresses in both growth plates when
performing different activities [13]. However, a wider study
is needed to determine the stress distributions at the proximal
femur physeal plate on different patients. Indeed, the
determination of the stress level in the growth plate could
help to estimate the subjects with a higher probability of
slippage.
Wh en a Fin ite E lem ent m odel i s developed,
segmentation of the proximal femur and generation of the
associated FE mesh are the most time consuming parts of
the process. In this work, we propose the use of a parametric
model, where the proximal femur geometry is simplified
and defined through a set of anatomical parameters: NeckDiaphysis Angle, Neck Shaft Plate Shaft Angle, Head
radius, Medullary channel width; which can be easily
adapted to each specific subject. This simplified geometry
can be meshed by means of automatic mesh generation
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Figure 1: Parametrized geometry of the proximal femur (a) different primitive geometries; (b) lateral view; (c) anterior-posterior
view; (d) upper view.

programs with good finite element aspect ratios for all the
mesh. This model can help to determine the risk of
developmen t of SCFE, ba sed on th e geometrical
morphology of each specific patient’s hip. Therefore, the
aim of this paper is to develop a model for the parametrized
geometry of the proximal femur and evaluate differences
in the stress distribution that appears in the growth plate
for different femoral configurations.
2.

MATERIAL AND METHODS

A parametric geometry of the proximal femur including
epiphyseal growth plate was developed, based on several
parameters that determine the geometry of the proximal
femur: head radius (HR), physeal width (PW), neck shaftneck plate angle (NSNPA), posterior slopping angle (L),
physis-diaphysis angle (PDA), cortical thickness (CT),

femoral neck width (FNW), diaphyseal width (DW) (Figs. 1
and 3). These parameters can be trivially modified to
simulate different femurs and plates, being therefore easily
to adapt to each specific subject.
To develop this parametric model we in itially
reconstructed the geometry of both proximal femora of a 14year-old boy with pre-SCFE in his left hip from a set of CTscans. The geometry of these femurs and epiphyseal plates
were simplified by means of primitive geometries (Fig. 1.a)
and reconstructed through the CAD-program Catia [14]. Then,
it was automatically meshed by Harpoon [15] (Fig. 4) with
hexahedral elements of characteristic length of 3mm. The
geometry of this parametric model can be easily resized and
modified to simulate different geometries, a scheme of the
process followed to simulate the different geometries and the
time consumed in each step could be observed in figure 2.

Figure 2: Scheme of the process to obtain the specific subject finite element model including the approximate time consumed in
each step.

Parametric Geometrical Subject-specific Finite Element Models of the Proximal Femur:
In order to address the main aim of this paper, three
different analyses were performed. First, we evaluated the
accuracy of the parametric model. Hence, we developed four
finite element models, two of them based on the actual
geometry of the two femurs of a 14-year-old boy with preSCFE in his left hip and body weight of 92kg, whereas the
other two were based on the parametrized geometry of these
same femurs. In the second set of analyses, we created two
additional independent parametrised models to determine
the influence of the overall geometry into the growth plate
slippage. The parametrised geometry of these femurs was
based on measurements of morphometric parameters of a
previous study of 36 healthy hips and 47 unaffected hips of
patients with unilateral SCFE [8]. The mean values of these
parameters were used to reconstruct the parametrised
geometry of a healthy “stan dardised” femur and a
“standardised” nonslipped hip of children with unilateral
SCFE. This second femur has been reported to be more prone
to suffer slippage [8]. The body weight for both
“standardised” femurs was estimated in 58.8kg [8] in order
to minimize the influence of the body weight on the results.

3

Finally, we performed a sensitivity analysis with respect to
different geometrical parameters that are the most
determinant in the development of SCFE [8] in order to
determine their respective individual influence: the physeal
slopping angle (PSA) and the posterior slopping angle (L)
were varied in ten degrees in two independent models based
on the geometry of the “standardised” healthy femur.
The geometrical parameters which define the geometry
of the simulated femurs are summarized in table 1. In all
cases, the growth plate thickness was assumed constant and
estimated in 1mm [16]. We considered three different
materials: cartilage for the growth plate, trabecular and
cortical bone. Linear elastic isotropic behavior was assumed
for all of them with elastic moduli of 5MPa, 700MPa and
17000MPa and Poisson’s ratios of 0.45, 0.2 and 0.3
respectively [17,18,19]. Different loading conditions were
simulated in each analysis: (1) heel strike during walking;
(2) midstance; (3) toe off; (4) heel strike during stairs
climbing. These loads were applied on the femoral head
including also the reaction at the abductor. Both were scaled
by the body weight of the patient (Table 2)[20].

Figure 3: Geometrical parameters of the defined femurs measured on anterior-posterior tomographies (acronyms are fully defined
in table 1)

Growth plate failure is assumed to be mainly produced
by a combination of shear stresses, which may induce slip of
the head, and tensile stresses, that might tear up the growth
plate from the trabecular bone [10,11,21,22,23]. In order to
estimate the growth plate risk to failure, we chose the Tresca
failure criterion because it is the most appropriate for shear
failure. We could also consider von Misses stresses which
takes into account normal and shear stresses. In fact, von
Misses stress for the analysed load cases were qualitatively
similar to Tresca’s although the latter resulted slightly lower,
the conclusions drawn from von Misses stress distributions
were the same than those obtained from Tresca stresses [13].
3.

RESULTS

First, the distributions of Tresca stresses and the maximum
value of these stresses at the growth plate were compared

between the models developed for actual and parametric
geometries of these femurs. Second, we analysed the stress
distribution on the two standardised healthy and affected
femurs. Finally, the stress distribution was studied for the
standardised healthy femur after modifying the posterior
slopping angle (PSA) in 10º and the physeal slopping angle
(L) also in 10º.

3.1 Comparative validation of the parametric model
To evaluate the parametric model, the results obtained in a
FE analysis of real geometry were compared to those
computed from the parametrised geometry. The Tresca stress
distributions for the different activities simulated at the
growth plate are shown from an upper view in figure 5. The
load transfer mechanism through the growth plate in both
models was very similar. A stress concentration at the medial
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Figure 4: Finite element model of the healthy femur including the growth plate based on the parametrised geometry.

Table 1
Geometrical Parameters of the Simulated Femurs [8,13].
Patient
Geometric Parameters
Growth Plate Area (cm2)

“Standardised” [8]

Healthy

pre-SCFE

Healthy

Sensitivity analysis

Affected

L angle

PSA

30,9

24,7

15.2

14.5

15.2

15.2

Neck-Diaphysis Angle (NDA) (o)

48

51

39.2

39.2

39.2

39.2

Neck Shaft Plate Shaft (NSPSA) (o)

18

14

8.1

4.6

8.1

1.7

Posterior Sloping Angle of Physis (L) (o)

11

13

5.0

13.6

15.0

5.0

Physeal slopping angle (PSA) (o)

26

34

30

34

30

40

Physeal diaphysis angle (PDA) (o)

59

55

59

55

59

49

32.4

33

22

21.5

22

22

26

24

17.5

17

17.5

17.5

Head radius (HR) (mm)
Femoral neck width (FNW) (mm)
Medullary channel width (MCW) (mm)

25

24

15

15

15

15

Diaphyseal width (DW) (mm)

40

40

28

28

28

28

Femoral axis length (FAL) (mm)

78

77

56

56

56

56

Articulo trochanteric distance (ATD) (mm)

35

33

25

23

25

25

1

1

1

1

1

1

Neck length (NL) (mm)

Plate thickness (PT) (mm)

18

20

14

14

14

14

Diaphyseal length (DL) (mm)

84

81

58.75

58.75

58.75

58.75

Table 2
Components of the Femoral Loads for each Activity Simulated, Normalized to the Body Weight (BW) [20].
Reference Axes in Figure 4
Head Load (N)
Load case
Heel strike during walking
Midstance

Abductor Load (N)

X Dir.

Y Dir.

Z Dir.

X Dir.

Y Dir.

Z Dir.

-0.32·BW

-2.21·BW

-2.95·BW

0.78·BW

0.76·BW

0.14·BW

0.74·BW

-0.86·BW

-0.41·BW

-0.34·BW

0.05·BW

0.02·BW

Toe off

-0.36·BW

-0.59·BW

1.31·BW

0.21·BW

0.44·BW

-0.13·BW

Heel strike during climbing stairs

-0.41·BW

-2.27·BW

-0.70·BW

0.89·BW

1.00·BW

0.32·BW
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area was observed at the heel strike moment during stairs
climbing; this concentration was also medial in the preslipped hip, but oriented towards the anterior area in both
parametric and real geometries at this pre-slipped hip. In
addition, the maximum Tresca stresses were always higher
for the pre-slipped hip when compared to the healthy model
in both actual and parametrised geometries.
Healthy

3.2 Standardised Femurs
The parametrised geometry of the femur was adapted to the
geometry of a “standardised” healthy femur and a
“standardised” non-affected hip of children with unilateral
SFCE. The healthy growth plate of the SCFE-affected child
exhibited higher stresses (Fig. 6) than the growth plate of
the healthy femur used as control. During heel strike, while
Pre-slipped

Heel strike
during stairs
climbing

Heel strike
during walking

Midstance

Toe off

Figure 5: Distributions of Tresca stresses (MPa) at the plates of a 14 year old child, models based on parametrised and real
geometry (A-Anterior, P-Posterior, M-Medial, L-Lateral).
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Figure 6: Distributions of Tresca stresses (MPa) at the parametrised growth plates of the “standardised” affected and
“standardised” healthy femurs (A-Anterior, P–Posterior, M-Medial, L-Lateral).

stairs climbing, Tresca stresses over 2.5MPa were observed
at the medial region of the affected growth plate. A stress
concentration was also observed in this same region of the
healthy hip, although with a lower value of the Tresca stress.
No area appeared with stresses higher than 2.5MPa the
difference was not so apparent at midstance and toe off, but
the stresses were always higher for the affected hip than for
the healthy one. At the midstance stage, the stress
concentration was localized in the anterior region of the
physis.

3.3 Influence of the Posterior Slopping Angle and
the Physeal Slopping Angle
Tresca stresses increased with both angles: posterior slopping
and physeal slopping. The greatest differences were observed
wh en in creasin g the ph yseal slopping angle
(Fig. 7). At the heel strike stage, during stairs climbing, a
maximum Tresca stress of 2.15MPa for the standardised
healthy growth plate was observed. This stress increased to
values higher than 2.5MPa when increasing the L angle in
10º and the PSA in 10º (Fig. 7), being the area subjected to
this stress bigger when increasing the PSA. The maximum
Tresca stresses were localized in the medial region during
heel strike and toe off, while this concentration appeared in
the anterior region during the midstance phase.

4.

DISCUSSION

This paper describes how a parametrised geometry of the
proximal femur morphology of a child may be used to fastly
obtain a prediction of the stress distribution at the growth
plate and thus determine the risk of development of SCFE.
Despite the qualitative character of the conclusions here
obtained, the proposed model might be useful to determine
if pinnig of the healthy femur can be recommended or not
in patients suffering from unilateral SCFE.
To evaluate the potential of this parametrised model we
performed a comparison between the results obtained by
means of finite element simulations of actual geometries of
the proximal femurs of a child and the parametrised geometry
of these same femurs. The similar distributions of stresses
computed in both growth plates validate the accuracy of the
parametric finite element model. Even though the
distributions were not identical, the parametrised model was
able to identify the areas of maximum stresses and the
maximum value of the Tresca stress with sufficient accuracy.
Assuming the same body weight, the differences
observed between the standardised healthy femur and the
parametrised unaffected femur of children with unilateral
SCFE, indicate the strong influence of the geometrical
parameters on the development of slipped capital ephiphisis
[8, 9, 24]. The differences in stresses when modifying the L

Parametric Geometrical Subject-specific Finite Element Models of the Proximal Femur:
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Figure 7: Distributions of Tresca stresses (MPa) at the parametrised growth plates of the standardised healthy femur when
varying the L angle and PSA in 10º (A-Anterior, P-Posterior, M-Medial, L-Lateral).

and PSA angles follow a similar trend to that observed
clinically [9,8]. Highest values of L and PSA angles resulted
in higher stresses and therefore a higher probability of
slippage. However, the same variation in L and PSA angle

results in a different influence on the stress distribution.
When modifying the L angle in 10º an increase of 15% was
observed in the maximum Tresca stress at the heel strike
moment during stairs climbing and walking. These
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differences were higher when increasing the PSA angle: an
increase of the Tresca stress of about 35% was observed at
the moment of heel strike.
The highest stress concentration was observed at the
medial region of the physis at the heel strike moment during
stairs climbing. Worse mechanical properties have been
reported at the posterior-medial area of the physis [25]. These
two facts could indicate the beginning of the plate failure in
the medial region.
Despite the results obtained, we have to keep in mind
that modelling in biomechanics involves a number of
simplifications on different levels that have to be interpreted
carefully. The main assumptions of this work are:
First, we assume all materials to be linear elastic. This
hypothesis has been used by many authors in FE models of
bone and cartilage [26] reporting sufficiently accurate results
for this type of analyses. The mechanical properties used
for the growth plate were determined from animal
experimen ts [10,11]. We h ave to remark the few
experimental works designed to obtain mechanical properties
of femoral growth plates [21]. There are several works to
determine the mechanical properties in bovine tibial growth
plates. Ultimate shear stress was reported to be between
1.66MPa and 3.81MPa depending on the anatomical location
[11] and tensile stress between 0.83MPa and 1.89MPa [10].
In bovine distal femora the maximum and average ultimate
tensile stress registered were 5MPa and 3MPa respectively
[25]. The differences reported may be due to biologic
variations, animal specie, anatomic form of the growth plate
and testing modalities. To our knowledge, there are very few
experimental works performed to determine mechanical
properties of human growth plates, thus the properties had
to be extracted from animal experiments and our results has
to be analysed from a qualitative point of view. The same
elastic moduli and Poisson's ratios were considered for the
simulated hips despite the fact that these properties decrease
in slipped hips [27].
Second, the applied forces used to drive the simulations
were considered the same (just scaled by the body weight)
for healthy, pre-slipped and unaffected hips of children
affected by unilateral SCFE, although they are likely to vary
between normal and diseased children due to compensatory
mechanisms [27].
Third, other effects such as the influence of cyclic loads
that could produce fatigue and a possible increment of
cartilage stiffness due to closing of cartilage pores by plate
compression have not been considered in this approach. As
has been reported in a previous work [13], we do not take
into consideration the poroelastic behavior of the growth
plate because the same conclusions as in the elastic model
may be drawn.
Finally, the growth plate was considered homogeneous
not taking into account its microstructural properties which
may vary with age and sex. The microstructural geometry
and mechanical properties of the physis could influence the

failure mechanism locally [28]; however we are most
interested in the global failure mechanism. Few experimental
works have been performed to determine the mechanism of
failure of the growth plate. Moen and Pelker [28] tested
bovine femurs and tibias to determine the failure mechanism
of the growth plate. They concluded that a different
mechanism and zone of failure is expected when loading
the specimens in tension, shear or compression. For each of
these load cases, failure is expected in the hypertrophic zone,
columnation zone and ossification zone respectively. Also
the loading rate, maturity of the physis and sex alter the zones
and mechanism of failure. All these effects have not been
taken into consideration in this work.
The uncertainties in data of mechanical properties,
correct consideration of loading, material characterization
and geometric modelling are a direct consequence of the
fact that each individual is unique. Average values might
not be representative of a large percentage of the cases of
interest. Therefore a more flexible and easily adjustable
model to make approximate subject-specific analyses could
be helpful when studying each specific individual. The
parametrised geometry of the proximal femur in combination
with FE is, despite the simplifications made in the geometry,
suitable for the assessment of magnitudes of stress under
mechanical loads for subject-specific geometries, so it can
be used to determine the risk of SCFE development in
different individuals, and help to a very important early
diagnosis and a successful outcome [29].
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