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Material aspects of growth plate modelling
using Carter’s and Stokes’s approaches

SZCZEPAN PISZCZATOWSKI*

Białystok University of Technology, Faculty of Mechanical Engineering, Poland.

Growth plate, named also as physis, is the anatomical structure responsible for the bone growth. Apart from numerous biological and
biochemical factors, biomechanics has also strong influence on its functioning. Loadings acting on the bone element during its develop-
ment can change (increase or decrease) the velocity of growth. This way mechanobiological processes influence the skeletal develop-
ment.

Several theories try to describe the relationship between loadings acting on the physis and biological processes leading to bone
growth and development. Unfortunately, some serious discrepancies exist between them. Additionally, difficulties occur during the
modelling of the growth plate activity, which results from the problems in determining material parameters of the particular physis com-
ponent.

The aim of the study was to analyse the influence of material properties of particular parts of the physis on  biomechanical conditions
of the bone growth. Two concepts, based on the Carter’s and Stokes’s approaches, were applied to estimate the biomechanical stimula-
tion of the bone growth occurring within the physis volume.

Results of the numerical simulations show that due to inhomogeneity of the physis structure, the complex 3-D stress state occurs
within the growth plate even in the case of uniform axial pressure acting on its surface. The value of the cartilage Poisson’s ratio has
a significant influence on the biomechanics of the growth plate activity estimated using both theories. Carter’s model is additionally very
sensitive to its dilatational parameter. Both methods lead to non-uniform patterns of mechanical stimulation of the bone growth within
the volume of the cartilage. The differences in the stiffness between cartilaginous and bone parts of the growth plate are of fundamental
importance for such phenomenon.
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1. Introduction

Growth plate, named also as physis, is the struc-
ture insulating metaphysis from epiphysis. It occurs in
long bones throughout its development and is respon-
sible for longitudinal bone growth [1]. Physis consists
of three tissue types (figure 1a): the growth cartilage,
the newly formed trabecular bone of the metaphysis
and the fibrous tissue surrounding the cartilage (the
ring of Lacroix). Chondrocytes occurring in the
growth plate are crucial for bone development. They
begin to divide in the proximal part of the physis

(proliferating zone). More distally (hyperthropic
zone), divided cells are separated from each other and
their longitudinal size increases. The growth of carti-
lage inside the physis is continuous, but the growth
plate does not become thicker. Cartilage is, however,
still resorbed and turned into bone at the metaphyseal
side (the zone of calcification). This way, cartilage
growth leads to diaphysis elongation.

Longitudinal growth inside the physis depends on
both proliferation and hyperthrophy of chondrocytes
[2]. Apart from numerous biological and biochemical
factors (hormones activity, local growth factors, etc.),
mechanical loadings have great influence on these
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processes [3], [4]. It is a well-known fact that forces
acting on the bone element can change, increase or
decrease the velocity of its growth. This way, mecha-
nobiological phenomenon can influence the skeletal
growth and development.

The Hueter–Volkmann law, formulated as early as
in the 19th century but still frequently used in medical
literature, assumes that increased pressure acting on
the growth plate retards bone growth and conversely,
reduced pressure or even tension accelerates it [5]–[7].
More recently, the Hueter–Volkmann law was the
basis for STOKES’s research [3], [8]–[10]. Based on
the experiments with the use of animal cartilage, he
stated that endochondral growth rate is proportional to
the value of longitudinal stresses acting on the growth
plate: an increase of the compressive stresses retards
growth, whilst tension accelerates it. It must be no-
ticed, however, that in experiments performed by
Stokes, the role of axial loadings was predominant
(e.g., vertebral bone). Loadings were always applied
in continuous manner. More complex analysis of the
mechanical influences on the bone growth was pre-
sented by FROST [11]. He proposed the “Chondral
Growth–Force Response Characteristics” (CGFRC),
where the mechanical stimulation of the bone growth
was dependent not only on the sense of stresses but
also on their value. For stresses not exceeding the
physiological range, the endochondral growth runs
faster in the case of compression compared to tension.
Similar conclusions were proposed also by PAUWELS
[12]. He stated that in the growth plate subjected to
bending, growth runs faster on the compressed site
compared to the traction site. However, in the Frost
theory, compression exceeding physiological range
slows down or even inhibits growth.

All the theories presented above assume uniaxial
stress state (tension–compression) within the growth
plate. Most real anatomical situations are much more
complex, and three-dimensional stress and strain
analysis should be considered. Such an approach was
proposed by CARTER in his theory firstly assigned to
the modelling of the cartilage ossification. It was as-
sumed that hydrostatic pressure maintains cartilage
while shear or tensile stresses damage it and promote
cartilage growth and ossification [13]–[15]. Similar
formula to analyse the bone growth velocity was pro-
posed by STEVENS et al. [16].

A more detailed comparison of all the theories
presented above leads to a surprising conclusion –
there are many discrepancies between particular con-
ceptions despite the fact that all authors have pre-
sented abundant clinical evidence corresponding to
their theories. It seems that insufficiently detailed

analysis of the particular clinical cases and excessive
generalization of the results obtained are the main
problems.

It should be noticed that there are some attempts to
carry out much more complex analysis of the growth
cartilage and bone tissue, using nonlinear biphasic,
poroelastic or viscoelastic models [17]–[20]. How-
ever, such methods are much more difficult to use in
practice when the development of real anatomical
objects is analysed. For this reason, a single-phase
elastic model is still very attractive, but its further
analysis is necessary, especially in order to understand
the influence of the three-dimensional stress state in
conjunction with material properties of the cartilage
and surrounding tissues (epiphysis, metaphysis, the
ring of Lacroix).

Numerical simulations presented in this paper
were focused on a better understanding of the biome-
chanics of the growth plate. Special attention was paid
to the influence of particular material parameters ap-
plied in the model on the stress and strain patterns
occurring in the cartilage. Carter’s and Stokes’s ap-
proaches were used to evaluate the biomechanical
stimulation of the bone growth. A comparison of these
methods was one of the crucial aims of this study. All
analyses were made using single-phase, elastic model
of the cartilage. Further analyses, taking into account
other loading conditions as well as the geometrical
aspects of the growth plate structure, will be presented
in the following part of the studies.

2. Methods

Numerical simulations with the use of the finite
element methods constituted the main tool applied in
the research. The modelling process as well as nu-
merical analyses were performed using ANSYS pack-
age (Ansys. Inc.).

2.1. Geometrical and material model
of the growth plate

Idealized, very simplified model of the growth
plate was prepared for numerical analyses of the phy-
sis. A flattened cylinder composed of the growth car-
tilage was its main part (figure 1b). A thin layer of
trabecular bone was added above the cartilage to
model the bone plate occurring at the distal end of
epiphysis. At the bottom of the cartilage, a trabecular
metaphysis was modelled. The ring of Lacroix was
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placed around the whole growth cartilage and partly
around the bone plates. A finite element model was
made with the use of 3D 20-node structural elements
(SOLID186). Particular parts of the model were
strictly connected to each other on its common nodes.

All tissues were treated as a linearly elastic, iso-
tropic material. Dissimilar information about me-
chanical properties of the growth cartilage is pre-
sented in the literature [10], [13], [14], [16], [21]–
[24]. It is possible to find the value of axial elastic
modulus in the range from 0.2 MPa [18] to 23.8 MPa
and even 1157 MPa [19]. Poisson’s coefficient is also
taken in a wide range. VILLEMURE and STOKES [10],
using transversely isotropic model, present ν31 ≤ 0.1
for out-of-plane Poisson’s ratio and ν21 = 0.24–0.3 for
transverse Poisson’s ratio. LIN et al. [22] used in the
numerical simulations ν = 0.12 for growing and min-
eralized area, whilst ν = 0.4 for loading sensitive area,

RIBBLE et al. [24] used ν = 0.4 for the whole growth
plate, whilst SYLVESTRE et al. [21] used ν = 0.49.
CARTER and WONG [15] stated that Poisson’s ratio
should be slightly less than 0.5 or equal to it (incom-
pressible material). Using displacement-based finite
element formulation, they used ν = 0.47 [13], but in
later analyses with hybrid elements, Poisson’s ratio
was increased to ν = 0.49 [23], [25], [26].

In the present analyses, based mainly on the
CARTER’s research [13], [25], [26], in the primary
model of the growth cartilage, the following material
properties were taken: elastic modulus EGC = 6 MPa,
Poisson’s coefficient νGC = 0.495 (table 1, model No. 6).
Cartilage was treated as an almost incompressible
material, and for this reason, analyses were performed
using the mixed u–P formulation [27]. In order to
evaluate the role of mechanical properties in other
variants of the model, various values of material pa-

Fig. 1. Growth plate: a) anatomical scheme, b) cross-section of the geometrical model used in FEM analysis
(Path 1 and Path 2 – lines used during post-processor analyses)

Table 1. Material properties of growth plate model

Growth cartilage Trabecular bone Fibrous tissue
(ring of Lacroix)

Variant
No. Elastic

modulus
EGC (MPa)

Poisson’s
coefficient

(–)

Elastic
modulus
EB (MPa)

Poisson’s
coefficient

(–)

Elastic
modulus
EF (MPa)

Poisson’s
coefficient

(–)
1 6 0.3 345 0.3 10 0.3
2 6 0.4 345 0.3 10 0.3
3 6 0.45 345 0.3 10 0.3
4 6 0.47 345 0.3 10 0.3
5 6 0.49 345 0.3 10 0.3
6 6 0.495 345 0.3 10 0.3
7 6 0.4999 345 0.3 10 0.3
8 6 0.495 345 0.495 10 0.495
9 6 0.495 100 0.3 10 0.3
10 6 0.495 20 0.3 10 0.3
11 6 0.495 6/20* 0.3 10 0.3
12 6 0.495 345 0.3 0.1 0.3
13 6 0.495 345 0.3 100 0.3

* 6 MPa – proximal bone plate; 20 MPa – distal bone plate.
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rameters were considered (table 1). It must be empha-
sised that the value of some parameters was intention-
ally exaggerated in some cases. Such a stratagem was
used only to magnify the effect observed. Special
attention was paid to Poisson’s coefficient in growth
cartilage. This parameter, however, can strongly in-
fluence the 3D stress and strain patterns occurring in
an inhomogeneous structure. Seven values, in the
range from 0.3 to 0.4999, were analysed. Various
parameters of the tissues surrounding the growth car-
tilage were modelled as well. Poisson’s coefficients of
the trabecular bone (νB) and fibrous tissue (νF) were
equal νB = νF = 0.3 besides the variant No. 8, where
νB = νF = 0.495 was taken to simulate the situation
where the values of Poisson’s coefficient are identical
for all materials. Four variants of the trabecular bone
elastic modulus (EB) were analysed. The basal value
was EB = 345 MPa [24]. Simulation of the less rigid
bone plates was performed using successively EB =
100 MPa and EB = 20 MPa. The most flexible bone
tissues were analysed in the model No. 11 where the
Young modulus for the distal plate was equal to
20 MPa, whilst for proximal plate – 6 MPa (similar to
that of growth cartilage). Three variants of the fibrous
ring of Lacroix were simulated. The basal value of the
elastic modulus was EF = 10 MPa. The negligible
meaning of the fibrous ring was assumed in model No.
12 (EF = 0.1 MPa), whilst much stiffer fibrous ring was
taken in model No. 13 (EF = 100 MPa). All the variants
of the material model were compared in table 1.

2.2. Loadings and constraints

The model was fully constrained on its distal nodes,
which reflects ideal connection of the growth plate with
metaphysis. Loadings were applied on the proximal
bone plate using a uniform surface pressure. Resultant
value of the loads applied (200 N) was taken arbitrarily. It
seems, however, that similar value of compressive forces
could appear in the small children’s femur or tibia.

2.3. Analysis of
the mechanical stimulation

of endochondral growth

Stress and strain patterns were calculated for par-
ticular variants of the material model. For all elements
representing the cartilage, the “growth index” (GI )
expressing the intensity of mechanical stimulation of
the endochondral bone growth was calculated using:

a) the Carter’s approach [13]:

),(N/m2
1 HS aGI σσ += (1)

where:
σS – octahedral shear stress (always positive, in-

creases the value of the GI1, accelerates cartilage ossi-
fication and growth),

σH – hydrostatic stress (negative in compression
and positive in tension),

a – weighting factor (dilatational parameter);
b) the Stokes’s approach [8]:

),(N/m2
2 zGI σ= (2)

where σz stands for axial stress.
The value of the dilatational parameter a in for-

mula (1) was tested by CARTER and WONG in the
range of 0.1–2 with the final suggestion that the most
suitable for diarthroidal joints development is a = 0.5
[13]. It is obvious that greater values of a increase the
importance of the compressive hydrostatic stresses
(the inhibition of ossification and growth) compared
to the octahedral shear stresses (the acceleration of
ossification and growth). WONG and CARTER [15]
used a = 0.18, STEVENS et al. [16] used a = 0.35
(combination with the minimum of the hydrostatic
stresses calculated for complete loading cycle) and
WONG and CARTER [28] made use of a = 0.7. However,
the value of the weighting factor most frequently is taken
as equal to 0.5. In the present research, twelve values of
the coefficient a were tested in the range of 0.1–2 (0.1;
0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 1.0; 1.3; 1.7; 2.0).

The patterns of the “growth indexes” were plotted for
the axial cross-section of the growth plate. Additionally,
two paths were defined: the first (Path 1) was passing
through the proximal part of the growth cartilage (prolif-
erative zone), the second (Path 2) was drawn more dis-
tally, through the hyperthropic zone (figure 1b).

3. Results

The patterns of the hydrostatic stresses and octa-
hedral shear stresses, calculated within the growth
cartilage using primary material model (No. 6) loaded
with uniform, symmetric axial compression, were
presented in figure 2. Two important remarks can be
made very easily: (1) even for uniform axial loading,
the complex 3-D stress state is obtained within the
structure of the growth plate as a result of its inhomo-
geneity, (2) due to essential dissimilarities between
the hydrostatic and octahedral shear stress patterns,
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the growth index GI1 (being the weighted sum of both
of them), must be strongly dependent on the value of
the weighting factor a (see formula (1)).

Fig. 2. Patterns of octahedral shear stresses σS (a)
and hydrostatic stresses σH (b) calculated for material model No. 6

(see table 1). View on the axial cross-section of the growth
cartilage; bone and fibrous parts of the model were omitted

The last statement is corroborated by several pat-
terns of the index GI1, calculated for the same model
(model No. 6) but using different values of a and
plotted in figure 3 (view on the axial cross-section)
and figure 4 (for Path 1 and Path 2 trajectories). It is
possible to observe that an increase of the coefficient
a value leads to a decrease of the GI1 in the central
part of the growth cartilage. This is the effect of
a growing importance of the compressive (negative
value) hydrostatic stresses. The growth index GI2

(axial compressive stresses) patterns were added in
figure 4 for comparison.

Changes of the Poisson’s coefficient of cartilage
have influence on the three-dimensional deformity of
the inhomogeneous structure of the growth plate and,
in consequence, on the patterns of the hydrostatic and
shear stresses. It is obvious that the pattern of the
growth index GI1 also depends on Poisson’s ratio of
the cartilage. The results obtained for different values

Fig. 3. Patterns of the growth index GI1 calculated for material model No. 6 using different values of the weighting factor
(dilatational parameter) a (view on the axial cross-section of the growth cartilage; bone and fibrous parts of the model were omitted)

Fig. 4. Patterns of the growth index GI1 calculated for material model No. 6 using different values of the weighting factor
(dilatational parameter) a: a) inside the proliferative zone – Path P1, b) inside the hyperthropic zone – Path P2.

Patterns of the growth index GI2 added for comparison
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Fig. 5. Patterns of the growth index GI1 calculated for different values of Poisson’s coefficient of the cartilage
for the weighting factor a = 0.5 (view on the axial cross-section of the growth cartilage)

Fig. 6. Patterns of the growth index GI1 calculated for different values of Poisson’s coefficient of the cartilage
and for the weighting factor a = 0.1, 0.5 and 2.0 inside the proliferative zone – Path 1 and the hyperthropic zone – Path 2
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Fig. 7. Comparison of the patterns of the growth index GI2 calculated for different values of Poisson’s coefficient of the cartilage:
a) inside proliferative zone – Path P1, b) inside hyperthropic zone – Path P2

Fig. 8. Growth index GI1 patterns calculated for different surroundings of the growth cartilage
(view on the axial cross-section of the growth cartilage). More detailed description of particular models can be found in table 1

Fig. 9. Growth index GI2 patterns calculated for different surroundings of the growth cartilage
(view on the axial cross-section of the growth cartilage). More detailed description of particular models can be found in table 1
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of Poisson’s coefficient of the cartilage were pre-
sented in figure 5. It can be seen that an increase of
Poisson’s ratio value results in a decrease of the index
GI1 in the central part of growth plate. Changes of the
index GI1 pattern resulting from the variety of Pois-
son’s coefficient of the cartilage could interfere with
the effects caused by an increase or a decrease of the
value of the weighting factor a. The patterns obtained
using a = 0.5 were presented in figure 5 (view on the
axial cross-section) and in the central part of fig. 6
(for Path 1 and Path 2 trajectories). For comparison,
analogous results calculated for Paths 1 and 2 were
presented also for a = 0.1 and 2.0 (figure 6).

Using the lowest value of dilatational coefficient
(a = 0.1), the shape of the curves representing GI1 is
more complex compared to those obtained for higher
values of the parameter a. For the lowest values of
both a and Poisson’s coefficient the of cartilage it is
possible to obtain the convex curves representing GI1

along Path 1 and Path 2 in their central parts in con-
trast to majority of other cases, where curves are
concave.

The patterns of the growth index GI2 obtained
using Stokes’s approach were presented in figure 7a.

Due to striking similarities of the plots obtained for
both Path 1 and Path 2 lines, the curves representing
the GI2 were drawn only for the hyperthropic zone
– Path 2 (figure 7b).

The influence of the different surroundings of growth
cartilage on the biomechanical conditions within the car-
tilage was analysed using models No. 8–No. 13 (table 1).
Appropriate patterns of growth indexes GI1 and GI2 were
presented in figures 8, 9 and 10. The results calculated
for the primary material model (No. 6) were added for
comparison.

4. Discussion and conclusions

The first remark made based on the results pre-
sented above concerns the non-uniformity of me-
chanical stimulation of the growth cartilage within
its volume, despite uniform axial loading acting on
the growth plate. This result is clearly visible when
both approaches, i.e. Carter’s (index GI1) and
Stokes’s (index GI2), are compared. The source of

Fig. 10. Comparison of the growth index GI1 (a) calculated for the weighting factor a = 0.5 and the growth index GI2 (b)
obtained for different surroundings of the growth cartilage. Plots made for Path 1 and Path 2.

More detailed description of particular models can be found in table 1
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such phenomenon is the complex 3-D stress state
occurring in the inhomogeneous structure of the
growth plate, even in the case of the uniform axial
loadings. The analysis of the results obtained for
various material parameters of the growth cartilage
surroundings shows that the difference in the values
of elastic modulus between cartilage and trabecular
bone plates located distally and proximally to the
growing zone is of a fundamental importance (fig-
ures 8–10). On the other hand, the difference in the
stiffness between these two types of tissue is indis-
putable because it results directly from cartilage cal-
cification leading to bone formation. The fibrous ring
surrounding the cartilage also seems to be quite im-
portant. Simulating very low stiffness of the fibrous
tissue (model No. 12), some amplification of the
inequality of GI1 and GI2 patterns was observed,
whilst very high stiffness (model No. 13) made this
effect much less intensive (figure 10). There was no
effect of the changes of fibrous ring and Poisson’s
coefficients of bone tissue (model No. 8).

Non-uniformity of strain distribution within carti-
laginous growth plate was earlier confirmed experi-
mentally by VILLEMURE et al. [29]. Different patterns
of the strain were recorded for reserve, proliferative
and hypertrophic zones. One of the effects observed

was even the appearance of the tensile strain in some
parts of the cartilage, despite the compressive loading
acting on the growth plate. This research confirms the
importance of growth plate inhomogeneity, though the
authors’ attention was focused rather on the inner
structure of the growth cartilage, while neglecting the
role of the bone plates and the fibrous ring. Obvi-
ously, taking into account the differences in mechani-
cal properties occurring between particular morpho-
logical zones of the growth cartilage, it would be
possible to observe further non-uniformity of the
stress pattern with all consequences for GI1 and GI2
indexes. Such an attempt should be considered in the
future research.

It is meaningful that Carter’s approach was used ear-
lier to predict the velocity of bone growth only for very
young children, when the whole cartilaginous epiphysis
was modelled [23], [25], [26]. In such a situation, the
lack of the proximal bone plate has a great influence on
the effects of the simulation. RIBBLE et al. [24] placed
the growth cartilage between two bone plates, but only
shear stresses were analysed, while neglecting the hy-
drostatic component. LIN et al. [22] used a special layer
of the element called “loading sensitive area” placed at
the top of the growth plate. Loadings were applied di-
rectly on this layer and the stress state, calculated inside

Table 2. Correlation coefficients between the sets of GI1 and GI2 values calculated for Path 1 and Path 2
using different material models and different values of dilatational parameter a

Material model No.
a Path No.

1 2 3 4 5 6 7
1 –0.974 –0.815 –0.491 –0.277 –0.034 0.028 0.0880.1 2 –0.893 –0.696 –0.568 –0.525 –0.494 –0.488 –0.484
1 –0.884 0.398 0.756 0.815 0.857 0.866 0.8740.2 2 –0.618 0.280 0.585 0.669 0.742 0.759 0.776
1 0.037 0.891 0.934 0.944 0.952 0.954 0.9560.3 2 0.232 0.808 0.888 0.910 0.930 0.935 0.940
1 0.851 0.956 0.968 0.972 0.975 0.976 0.9770.4 2 0.748 0.918 0.948 0.958 0.967 0.968 0.971
1 0.947 0.975 0.980 0.982 0.984 0.984 0.9850.5 2 0.885 0.952 0.968 0.974 0.979 0.980 0.982
1 0.971 0.983 0.986 0.987 0.988 0.989 0.9890.6 2 0.933 0.968 0.978 0.982 0.985 0.986 0.987
1 0.981 0.987 0.989 0.990 0.991 0.991 0.9910.7 2 0.954 0.976 0.983 0.986 0.989 0.989 0.990
1 0.986 0.990 0.991 0.992 0.993 0.993 0.9930.8 2 0.966 0.981 0.987 0.989 0.991 0.991 0.992
1 0.991 0.992 0.993 0.994 0.994 0.995 0.9951.0 2 0.978 0.987 0.990 0.992 0.993 0.993 0.994
1 0.994 0.995 0.995 0.996 0.996 0.996 0.9961.3 2 0.985 0.991 0.993 0.994 0.995 0.995 0.996
1 0.995 0.996 0.996 0.997 0.997 0.997 0.9971.7 2 0.990 0.993 0.995 0.996 0.996 0.996 0.997
1 0.996 0.996 0.997 0.997 0.997 0.997 0.9972.0 2 0.991 0.994 0.995 0.996 0.997 0.997 0.997
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these elements, was used to estimate the mechanical
stimulation of the more distally located “growth area”.
All the examples mentioned above could confirm the
tendency to neglect the non-uniformity of the mechani-
cal stimulation of the growth cartilage located between
trabecular epiphysis and metaphysis when Carter’s ap-
proach is used.

Growth index calculated using Carter’s concept
greatly depends on the value of the dilatational pa-
rameter a (formula (1)) used to establish relations
between hydrostatic and octahedral shear stresses
(figures 3 and 4). Different values of this parameter
can lead to antithetical conclusions. The same part of
the growth plate for a certain value of the coefficient a
can be more stimulated than surroundings and grow
faster, whilst for the other value, it can be less stimu-
lated than surroundings and grow slower. This effect
became much more intensive when the influence of
the dilatational parameter was combined with changes
caused by Poisson’s coefficient of the cartilage. Such
an observation is very important because it helps re-
alise that by manipulating the parameters of Carter’s
model it is possible to obtain contradictory results of
the analysis. Further research is necessary to find ra-
tionale for the choice of the proper value of the coeffi-
cient a. The fact that CARTER and co-workers used
different values of this parameter for various analyses
[13], 15], [16], [28] confirms that the problem exists
rather than helps solve it. The analyses of the me-
chanical influences on the chondrocytes performed on
the cell level could be helpful in solving this problem
in the future [30], [31], [32].

It must be noticed that both GI1 and GI2 indexes
try to describe the same phenomenon (mechanical
stimulation of the endochondral growth). It is obvious
that both methods, if they are used in the same biome-
chanical situations, should bring about similar effects.
In order to compare both attempts, correlation coeffi-
cients for particular sets of GI1 and GI2, calculated
along the Paths 1 and 2, were determined for different
material models and for different values of the dilata-
tional parameter a (table 2).

Relatively low or even inverse correlation was
obtained for a ≤ 0.4. The higher values of a in Car-
ter’s model give better correlation with Stokes’s ap-
proach. Higher values of Poisson’s coefficient of car-
tilage enhance the correlation between both attempts.
It is possible to observe that for a ≥ 0.5 Carter’s and
Stokes’s approaches give quite similar results for axial
and symmetric loading. Taking into account not only
correlation coefficients, but also the range of GI1 and
GI2 values (figure 4), it seems that the greatest simi-
larity between both indexes is revealed for a = 1.7.

Such an observation corresponds closely to the re-
search presented by LIN et al. [22]. They stated that at
a = 0.5 Carter’s model presents weak ability to simu-
late growth retardation resulting from compressive
loadings. A higher value of a (for example, a = 1.7)
leads, however, to amplification of the role of nega-
tive hydrostatic stresses.

The value of the Poisson’s coefficient of the car-
tilage seems to be crucial for the evaluation of the
mechanobiological influences on the growth plate
activity. It is common for Carter’s and Stokes’s ap-
proaches. This fact shows once again that the under-
standing of 3-D deformities occurring in the cartilage
is necessary for effective analyses of the growth
plate mechanobiology. On the other hand, the great
influence of Poisson’s coefficient of the cartilage
indicates the risk of growth disturbances in the case
of any changes in the internal structure of the carti-
lage. It is, however, very probable that Poisson’s
ratio of cartilage can change as a result of distur-
bances of such parameters as water content. The
measurement of Poisson’s coefficient for the growth
cartilage is difficult and usually an approximate
value is used in numerical analyses. The present re-
sults testify to the risk of serious mistakes of mecha-
nobiological analyses performed with the use of un-
realistic material properties.

To conclude, it should be noticed that STOKES [8]
in his original theory based on the Hueter–Volkmann
principle has neglected the non-uniformity of the
axial stresses in the growth plate resulting from its
inhomogeneity. If the velocity of the bone growth
was linearly dependent on the axial stresses – fol-
lowing the Stokes’s concept – in view of the results
obtained in the present research, bone, under uniform
compression, should grow slower in its central part
and faster in the periphery. However, apart from the
material aspect, the geometry of the growth plate
(shape, relation between height and diameter) may
be very important. Carter’s approach, as it was pre-
sented above, for some parameters gives the results
very close to Stokes’s method, but in reality is much
more sophisticated. This theory, however, was origi-
nally based on the principle that loadings acting on
the growth plate are variable. STEVENS et al. [16],
using them to model endochondral growth, have
assumed that mechanobiological contribution to the
rate of cartilage maturation, and as a result to the
velocity of bone growth, is dependent on the maxi-
mum value of the octahedral shear stress and the
minimum value of the hydrostatic stress occurring
during a complete loading cycle. However, in the
case of cyclically acting axial compressive loading,
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the maximum value of octahedral shear stress and
the minimum value of hydrostatic stress are equal to
those occurring under static axial compression. As
a result, the velocity of growth generated in the car-
tilage loaded with uniform axial compressive load-
ing, in view of Carter’s theory, could be non-uniform
within the volume of growth plate and strongly de-
pendent on Poisson’s coefficient of the cartilage as
well as on the dilatational parameter. Obviously, the
present conclusions should be verified for a different
geometry of the growth plate, like in the case of the
Stokes’s theory.

A better understanding of the phenomenon con-
sidered in the present research gives a chance to elu-
cidate some discrepancies occurring between the
theories formulated by Hueter and Volkman, Frost,
Pauwels, Stokes and Carter in the range of mechano-
biological stimulation of bone growth. In this way,
the analysis of the bone deformity occurring in nu-
merous diseases, such as cerebral palsy [4], will be
possible.
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