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Torsional loading of the growth plate occurs in daily activities and sports and is associated with growth plate
fractures. This study aimed to investigate the microstructural and mechanical properties of growth plate tissue
under torsional loading, focusing on variations across individuals, growth plate types, and anatomical locations.

A total of 140 samples from three distinct growth plates in five porcine subjects were subjected to cyclic
torsion tests followed by ultimate failure testing. Additionally, histological analyses were performed using
Movat’s pentachrome staining to assess tissue structure.

Mechanical testing revealed significant differences in shear moduli across growth plate types; notably, the
proximal femur exhibited a higher primary shear modulus compared to both the distal femur and proximal tibia.
Correlation analyses showed a negative relationship between hypertrophic zone thickness and primary shear
modulus (p = —0.47 at 0.5°/s, p < 0.001), as well as between cell column angle and secondary shear modulus
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Shear modulus

(p =—0.43 at 0.5°/s, p = 0.015).
This study provides essential insights into the mechanical behavior of growth plates and how structural
variations influence their response to loading, aiding in the development of more accurate computational

models.

1. Introduction

Growth plates, located between the epiphysis and metaphysis, are
key sites of longitudinal bone growth and consist of specialized cartilage
arranged in four zones. Stem cells in the resting zone proliferate and
align in columns, enlarge in the hypertrophic zone, and under hypoxic
stress, trigger matrix calcification, leading to continuous bone trans-
location (D’Andrea et al., 2021). Collagen type II distribution varies
across zones, aligning with cell columns in the hypertrophic and pro-
liferative zones, and perpendicular in the resting zone (Amini et al.,
2012; Eckstein et al., 2022). Mechanical loading plays a fundamental
role in stem cell differentiation and growth plate adaptation (Zhang
et al., 2022; Stamos and Berthaume, 2021; Stamos and Weaver, 2020;
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Castro-Abril et al., 2016; Thomson, 1902), forming the basis of treat-
ments like guided growth (Stevens, 2007; Gottliebsen et al., 2013, 2016;
Hucke et al, 2023). However, outcomes vary due to complex
biomechanical-biological interactions (Stief et al., 2021; Farr et al.,
2018), underlining the need to understand growth plate behavior under
different loading types.

Material properties of growth plate cartilage are often approximated
using linear-elastic, quasi-incompressible models with Young’s moduli
between 2 and 1000 MPa and Poisson ratios ranging from 0.4 to 0.495
(e.g. Koller et al., 2024; Hucke et al., 2023; Sadeghian et al., 2023;
Alonso et al., 2022; Yadav et al., 2016; Carriero et al., 2011) — often
without clearly stating the specific point or region of the loading curve
from which these values are derived. Further experimental work is
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needed to refine our understanding of how tissue properties vary with
factors such as growth plate type, position within the plate, loading
conditions (e.g., initial vs. non-linear response), and inter-individual
variation.

Previous studies have explored compressive and shear loading in
porcine growth plates (Fischenich et al., 2022; D’Andrea et al., 2021;
Shen et al., 2020; Wosu et al., 2012; Amini et al., 2012; Sergerie et al.,
2009, 2011; Niehoff et al., 2004), but torsional loading remains largely
unexplored. Porcine models are widely accepted due to their anatomical
and mechanical similarities to human growth plates (Cone et al., 2017).
Torsional stresses are highly relevant in sports and daily activities
involving quick directional changes (Mirtz et al., 2011). The knee allows
25°-30° of internal/external tibial rotation (Innocenti, 2022), with
4°-8° occurring during normal gait (Perry and Burnfield, 2010). These
motions play a role in the screw-home mechanism, contributing to knee
stabilization during stance and allowing shock absorption through
controlled internal rotation. During such phases, when the limb is
dynamically loaded, torsional moments in the femur and tibia can reach
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13-48 Nm (Heyland et al., 2023), and even higher in impact sports like
basketball or skiing (Giesche et al., 2021), increasing the risk of growth
plate injury.

The present study aims to characterize the mechanical and histo-
morphological properties of growth plate tissue under torsional
loading. Specifically, it investigates correlations between mechanical
parameters and microstructural features, as well as potential differences
between individuals, growth plate types, and locations within the same
plate. By explicitly defining the points on the loading curve used to
calculate the moduli, our approach helps to better constrain and
contextualize the wide range of reported mechanical properties.

2. Materials and methods
2.1. Sample retrieval and processing

The hind limbs from five pigs of unknown gender, each approxi-
mately six months old (analogous to human adolescence) (Cone et al.,
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Fig. 1. Sample preparation and testing procedure using the distal femoral growth plate as an example. (A) Distal femur with exemplary cutting lines (gray). (B) 5 mm
thick transverse section with cutting lines for sample extraction. (C) Final 5 x 5 x 15 mm sample. (D) Mounted sample in the mechanical testing device. (E) Cyclic

loading protocol at 0.2°/s. (F) Continuous loading to failure at 0.2°/s.
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2017) were utilized for this study. The tissues were collected from a local
butcher within 24 h post mortem. The proximal tibia and both the
proximal and distal femur were removed for subsequent sampling.
Growth plate bone samples measuring approximately 5 x 5 x 15 mm
were extracted from each specimen and region, assuring that the growth
plate was aligned horizontally within the samples (Fig. 1, A-C). To
ensure straight cuts and a consistent sample width, the specimens were
secured in a vice that simultaneously served as a cutting guide. A manual
handsaw was used to minimize heat generation and prevent thermal
damage to the sensitive tissue. For all three growth plate types, samples
were classified according to their anatomical location in the transversal
plane: medial and lateral (Fig. 2) (Fischenich et al., 2022; Hucke et al.,
2023). In consideration of the distinctive morphology of the distal
femoral growth plate, a further delineation was made with respect to
whether the sampled specimen originates from a valley within its cor-
responding quadrant (Hucke et al., 2023). The samples were then frozen
in a phosphate-buffered saline solution (PBS, pH = 7.4) at —80 °C until
further processing.

2.2. Torsion tests

The samples were thawed at 19°C and then mounted in a Rheometer
(MCR 702e MultiDrive, Anton Paar Group AG, Graz, Austria). The lower
clamp served as a fixed mount, while the upper clamp enabled rotation.
The samples were consistently clamped at an 8 mm distance between the
clamps (Fig. 1, D), ensuring that the growth plate was positioned at the
midpoint. The positioning was aligned manually and subsequently
subjected to a visual examination. During the testing, the samples were
continuously moistened with PBS. The samples were subjected to cyclic
deformation (Fig. 1, E) at three different velocities, ranging from slow
(0.04°/s) to medium (0.2°/s) and fast (0.5°/s) (Sun et al., 2022). The
samples were loaded with rotations of up to 8° or 10° in 2°-increments
(Fig. 1, E). The number of preconditioning cycles (5 cycles for 0.04°/s,
12 cycles for 0.2°/s, 20 cycles for 0.5°/s) was set based on preliminary
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tests using 15 samples, where the stabilization of maximum moment
over time was used as a criterion. After the cyclic tests, each sample was
given a 5 min rest period according to Fischenich et al. (2022), before
being deformed until failure. The sample was subjected to a continuous
deformation up to 25°, using the same testing velocities as in the
respective cyclic testing (Fig. 1, F). For the distal femoral growth plate,
all specimens were tested at a loading velocity of 0.2°/s. This rate was
selected to enable comparison across anatomical subregions within the
plate, as originally intended by the experimental design. Due to limited
sample availability following specimen exclusion, analysis was
restricted to pooled results.

2.3. Evaluation of mechanical tests

In the evaluation of the experimental data, it is assumed that the
deformation occurs exclusively in the growth plate tissue. This
assumption was made due to the fact that bone is considerably stiffer
than the tissue of the growth plate.

All evaluations were carried out using Matlab 2023a (MathWorks,
MATLAB, Version R2023a, Natick, Massachusetts, USA). To evaluate the
cyclic tests, the torque and angle of rotation were converted as follows
into torsional stress 7 and shear strain y. The samples were treated as
rectangular in order to account for any deviations from a square shape in
the evaluation. The maximal torsional stress o was determined as

TC
Tmaxzfy (@)

where T denotes the torque as measured, C is the distance from the
center to the outermost fiber, which in this case is the half of the longer
side of the rectangle. K is the torsional constant which can be approxi-
mated as follows:

B Proximal tibia, transversal plane
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Fig. 2. Assignment of anatomical locations for samples. (A) Distal femur and (B) proximal tibia samples were classified by sagittal (medial-central-lateral) and
coronal (anterior—central-posterior) positions. (C) Proximal femur growth plates, due to their smaller size, were divided into lateral-medial-anterior-

posterior regions.
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with a being half of the longer and b being half of the shorter side of the
rectangular cross section of the sample (Young and Budynas, 2002).

Equations (1) and (2) imply the assumption that the growth plate
was plane and perpendicular to the longitudinal axis of the specimen.
This did not hold exactly for all specimen, which showed deviations
from this ideal geometry: an angle other than 90° to the longitudinal axis
and curved form (cf. Fig. 2 of the supplementary material). Following a
method similar to Shen et al. (2020), the angle between growth plate
and transversal plane of the sample and the radius of curvature of the
growth plate were measured in a lateral view for all samples (cf. Sup-
plementary Material, Fig. 2). Based on a parametric finite element study
(cf. supplementary material, section 1), the maximum permissible angle
and curvature of the growth plate within the samples were determined.
The criterion for inclusion was that the maximum stress within the
growth plate should not deviate by more than 10 % compared to an
ideally aligned, flat sample. Following this, samples showing an angular
deviation greater than 8.25° or a radius of curvature smaller than 17.13
mm were excluded. A radius of 17.13 mm corresponds to a vertical
deviation of 0.27 mm between the highest and lowest points across the
sample (Shen et al., 2020).

A total of 140 samples were used for mechanical testing and 100
samples for the detailed histological examination. The distribution of
the samples across individuals and growth plate types is given in
Table 1.

The shear strain y was calculated as

co
=7 3
where 0 is the angle of twist and t the thickness of the growth plate
(Young and Budynas, 2002).

The transition from purely elastic to inelastic deformation was
identified by determining the inflection point (IP) (Holzapfel et al.,
2000) (Fig. 3, A). After smoothing the data using the smoothing spline
method with the smoothing parameter p = 1, the inflection point was
determined as the point of the stress-strain curve z(y) showing the
maximum slope, i.e. the maximum of the derivative dz/dy by using the
numerical gradient function implemented in Matlab.

Since 7 is only given by discrete values, the finite difference method
is used to estimate the derivative dz/dy as

?zf(}”rh)—F(V—h)’ @
y 2h
where h is a small number representing small change in 7. The result of
this is a vector containing dr/dy for each torsional stress value. The
inflection point was then estimated by finding the maximum of dz/dy.
The last cycle of purely elastic deformation, being the last cycle before
the cycle including the inflection point, was then extracted from each
sample and used for further analysis. The ascending stress-strain curve
was used to determine two shear moduli, namely the primary shear
modulus (ME1), the gradient dz/dy at the beginning of the curve and the
secondary shear modulus (ME2), the gradient dz/dy at the end of the
curve (Fig. 3, B). The trapezoidal method was employed to calculate the
area under the ascending curve for the total deformation energy. The
dissipated energy was obtained by subtracting the area under the
descending curve from the total deformation energy. Subsequently, the
dissipated energy was divided by the total deformation energy to
determine the energy ratio (MV1) (Fig. 3, C). The energy ratio serves as a
metric for assessing the viscoelastic properties of the tested samples.
The destruction tests were also evaluated by calculating the torsional
stress and shear strain y (Equations (3)-(4)). In order to ascertain the
stress at failure of the specimen, the maximum torsional stress zmyqax
(MF2) was identified. The requisite failure energy (MF1) was calculated

Journal of the Mechanical Behavior of Biomedical Materials 172 (2025) 107160

Table 1

Overview over the mechanical and histological parameters and the groups used
for statistical analyses. After each group name, the number of samples in the
respective group for the mechanical test and the histological examination (in
brackets) is indicated.

Parameter  Mechanical (M) Elastic (ME) ME1: primary shear
modulus
ME2: secondary shear
modulus
Viscoelastic (MV) ~ MV1: energy ratio
Failure (MF) MF1: failure energy
MF2: maximum torsional
Stress Tmax
Histological (H) H1: thickness of whole
growth plate
H2: thickness of
hypertrophic zone
H3: thickness of
proliferative zone
H4: thickness of resting
zone
HS5: number of cells in
hypertrophic zone
H6: angle a between bone/
hypertrophic zone
interface and cell columns
Groups Individuals (I) 1to5 IND1 31(17)
IND2 22(19)
IND3 48 (20)
IND4 13(23)
IND5 26 (21)
Type of growth plate PF: proximal 23(20)
femur
DF: distal femur 71 (38)
PT: proximal 46 (42)
tibia
Anatomical within each lat: lateral 48 (34)
location growth plate med: medial 49 (47)
Testing velocity  of mechanical low: 0.04°/s 32
tests medium: 0.2°/s 73
fast: 0.5°/s 35
Total number 140
of samples (100)

using the trapezoidal method to determine the area under the curve up
to the failure stress (Fig. 3, D). An overview of evaluation parameters
and abbreviations can be found in Table 1.

2.4. Histological analysis

For histological analysis, samples were first fixed in a 4 % formalin
solution for 48 h and subsequently decalcified using a 14 % EDTA so-
lution over a period of 30 days. After decalcification, the samples were
embedded in paraffin and sectioned into 7 pm thick slices. All sections
were then stained with MOVAT pentachrome (MORPHISTO GmbH,
Offenbach am Main, Germany).

Two histologic images were obtained for each sample using bright-
field microscopy (DMI6000B, Leica Microsystems, Wetzlar, Germany)
and Leica Application Suite X (LAS X) software (LAS X, version 5.2.2, Leica
Microsystems). The thickness of the different growth plate zones — hy-
pertrophic zone, proliferative zone, and resting zone — as well as the ‘cell
stack angle’ between the bone-growth plate interface and the direction
of the cell stacks were measured manually be the same experienced
observer using the image processing program ImageJ (ImageJ 1.54j, U.
S. National Institutes of Health, Bethesda, Maryland, USA, Fig. 4). Each
measurement was repeated six times at different locations within each
growth plate. Since a direction of the ‘cell stack angle’ could not be
determined reasonably, it was defined to be < 90°. The number of cells
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(ME1) and secondary (ME2) shear moduli were measured at the start and end of the elastic curve. (C) The energy ratio (MV1) was calculated as dissipation energy
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Fig. 4. Evaluation parameters H1 — H6 acc. to Table 1 from histological images:
(H1) thickness of the growth plate (H2) thickness of the hypertrophic zone
(HZ), (H3) proliferative zone (PZ), and (H4) resting zone (RZ); (H5) cell count
in the HZ (counts 1-6); and (H6) angle o between the hypertrophic zone and
bone interface and a cell column.

in a single cell column within the hypertrophic zone was counted
manually at six different locations by the same observer.

2.5. Statistical methods

In order to prepare the data for statistical correlation analysis and
hypothesis testing, the data was grouped according to the following
characteristics: five distinct individuals, three different types of growth
plates, the location within each growth plate (lateral and medial, Fig. 2)
and the testing velocity. The objective of the statistical analysis was not
to provide information about the population; rather, it was to examine
the differences between the groups and the correlation of the parameters
for the examined samples.

Initially, the normality of each group was assessed using the
Anderson-Darling test. Based on these results, the appropriate statistical

tests were selected to compare mean or median values among the
groups. For two groups, if all were normally distributed, a two-sample t-
test was applied. If at least one group was not normally distributed, the
Mann-Whitney U test was used. This concerned the tests of the
anatomical location, as well as the grouping according to the different
types of growth plates at 0.04°/s and 0.5°/s. Although multiple samples
per growth plate type were taken from the same individuals, exploratory
analysis revealed no systematic differences between animals (see sup-
plementary material, section 4). Therefore, samples were treated as in-
dependent. For comparisons involving more than two groups, ANOVA
with an F-test and post-hoc multiple comparison tests were employed if
all groups were normally distributed. Conversely, if at least one group
was not normally distributed, the Kruskal-Wallis test along with post-

2 Groups > 2 Groups

Anderson-Darling-Test

HO H1 HO H1
p>0.05 p<0.05 p>0.05 p<0.05
A4 A v
Two-sample Mann-Whitney N-way analysis Kruskal-Wallis
t-test U-Test of variance Test
A v
Multiple Comparison Test
HO H1 HO H1 HO H1 HO H1
p>0.05 |p<0.05 |p>0.05 |p<0.05 p>0.05 |p<0.05 |p>0.05 |p<0.05
v y v
% * * *

Fig. 5. Flowchart of statistical methods. Normal distribution was assessed
using the Anderson-Darling test. Depending on distribution and number of
groups, appropriate tests were selected to identify significant differences.



L. Hucke et al.

hoc multiple comparison tests were utilized. Fig. 5 gives an overview of
the different statistical tests used and the conditions under which they
were applied. The null hypothesis was rejected for all tests with a sig-
nificance level of p < 0.05.

After outliers were identified using the interquartile range method,
Spearman’s rank test was employed to assess the correlation between
mechanical test parameters and histological results, given that the ma-
jority of groups were not normally distributed. The statistical signifi-
cance threshold was set at p < 0.05. All tests were conducted using
MATLAB 2023a.

3. Results
3.1. Key results of mechanical testing

Table 2 illustrates significant differences between the different
growth plates for each testing speed and between testing speeds itself.
The analysis showed that there were significant differences in both the
primary (ME1) and secondary (ME2) shear moduli across different
growth plate types, although the energy ratio (MV1) did not change
(Fig. 6). There was no significant difference between the median values
of the primary shear modulus of the distal femoral and proximal tibial
growth plates. However, the secondary shear modulus was significantly
higher in the proximal tibial growth plate then in the distal femur
(Fig. 6, A-B; Table 2). The proximal femoral growth plate demonstrated

Table 2

Key results of mechanical testing. The table compares growth plate types
(proximal femur (PF), proximal tibia (PT), distal femur (DF)) at different testing
velocities. For the primary shear modulus (ME1), secondary shear modulus
(ME2), energy ratio (MV1), and failure energy (MF1), median [IQR] values are
shown. Statistical tests used: F-test (ANOVA, F) or Kruskal-Wallis test (H) for >2
groups, unpaired t-test (t) or Mann-Whitney U test (U) for 2 groups. Significant
differences (p < 0.05) are marked with an asterisk (*).

ME1 ME2
(MPa) (MPa)

MV1 (-) MF1 (MJ)

Type of growth plate

0.04 PF 0.93 [1.8] 1.56 0.3 [0.15] 0.42
°/s [1.27] [0.34]
PT 1.1[0.86] 0.99 0.29 0.46
[1.06] [0.12] [0.58]
PF vs. PT U, - t, - t, - u, -
0.2°/s DF 1.12 1.32 0.31 0.51
[1.37] [1.16] [0.09] [0.41]
PF 2.55 3.23 0.33 0.44 [0.2]
[2.99] [2.39] [0.13]
PT 1.17 2.08 0.34[0.1] 0.36
[1.36] [1.48] [0.24]
DF vs. PF H, * H, * F, - H, -
DF vs. PT H, - H, * F, - H, *
PF vs. PT H, * H, - F, - H, -
0.5°/s PF 1.79 4.14 0.29 0.31
[1.89] [1.61] [0.09] [0.25]
PT 1.15 1.89[0.9] 0.25 0.33
[1.69] [0.12] [0.36]
PF vs. PT U, - t, * t, - u, -
Testing speed
0.04 °/s 1.09 1.27 0.3[0.12] 0.31
[1.30] [1.05] [0.29]
0.2°/s 0.91 2.12 0.3[0.091 0.42
[0.84] [0.79] [0.46]
0.5°/s 1.43 2.24 0.26 [0.1] 0.4 [0.29]
[2.07] [1.75]
0.04°/svs. 0.2 H,- H, - F, - H, -
°/s
0.04 °/s vs. 0.5 H, - H, * F, - H, -
°/s
0.2°/svs. 0.5 H, - H, * F, - H, -
°/s

Journal of the Mechanical Behavior of Biomedical Materials 172 (2025) 107160

differences in the primary and the secondary shear moduli being
significantly higher compared to the growth plates in the distal femur
and the proximal tibia (Fig. 6, A-B; Table 2). No differences between the
individuals, growth plate types, and anatomical positions within each
growth plate were found in the results of the failure experiments (MF1).
A comprehensive list of the complete results can be found in the sup-
plementary material, section 4.

3.2. Key results of histological analyses

The results of the evaluation of the histological parameters are
shown in Table 3. The evaluation revealed that there were no significant
differences between the distal femoral and proximal tibial growth plates.
This was observed to be the case for all histological parameters that were
evaluated, e.g. the thickness of the individual zones and the entire
growth plate, as well as the number of cells and the angle of the cell
stacks. In contrast, the hypertrophic zone (H2) proximal femoral growth
plate was significantly thinner compared to both, the distal femoral and
proximal tibial plates (Table 3). The proliferative zone also differed
significantly between the two femoral growth plates, with the proximal
femoral growth plate having a thinner proliferative zone than the distal
femoral growth plate. There were no significant differences in the
resting zone thickness or cell column angle (Table 3).

3.3. Differences between testing velocities

Further grouping by testing velocity showed that the energy ratio
(MV1) did not differ across velocities. However, the secondary shear
modulus (ME2) was significantly higher at 0.5°/s than at 0.2°/s or
0.04°/s, while the primary shear modulus (ME1) remained unchanged.
The evaluation of the failure energy (Fig. 3, D) revealed no differences
between the various growth plate types (Table 2).

Spearman analyses yielded a negative correlation between the
thickness of the hypertrophic zone and the primary shear modulus for all
data pooled. The correlation was non-significant with a Spearman’s rho
p=0.07 at a testing velocity of 0.04°/s (p=0.752), yet getting
moderately stronger and highly significant at increasing test velocity,
decreasing from p=-0.30 at 0.2°/s(p=0.02) to p=-047 at
0.5°/s (p = 0.01).

Negative correlations were also found between the angle of the cell
columns (Fig. 4) and the secondary shear modulus, indicating that
steeper angles corresponded with an increased shear modulus. This
correlation also became stronger as the test speed increased. The cor-
relation coefficient was p = —0.14 at the slowest of the observed testing
velocities of 0.04 ° /s (p = 0.515), decreased to p = —0.22at0.2°/s (p =
0.09), and finally reached p = —0.43 at 0.5 °/s (p = 0.02).

4. Discussion

4.1. Growth plate types differ more than individuals or anatomical
locations under torsion

The mechanical properties under torsional loading varied primarily
between growth plate types, with no significant differences between
individuals or anatomical subregions (medial vs. lateral) (Table 2,
Fig. 6). This consistency between individuals likely results from the
homogeneity in breed, age, and farming conditions. A broader study
would be needed to confirm this across a more diverse population. The
lack of regional differences contrasts with Fischenich et al. (2022), who
reported variation in compressive stiffness within the proximal tibial
plate. This discrepancy might stem from the different loading modes
studied—torsion versus compression. The dissipation ratio, used to
assess viscoelasticity, showed no significant differences, indicating
similar viscoelastic behavior across all samples.
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Fig. 6. Shear moduli and histology results for different growth plate types. (A) Primary shear modulus (ME1) and (B) secondary shear modulus (ME2) at three testing
velocities. (C) Histological images show a significantly thinner hypertrophic zone in PF compared to PT and DF (median [IQR]: PF 113.12 [55.13] pm, PT 154.74
[45.76] pm, p = 0.009; DF 154.1 [40.67] pm, p = 0.0003).
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Table 3

Key results of histological analysis. The table compares growth plate types
(proximal femur (PF), proximal tibia (PT), distal femur (DF)). Parameters shown
are total growth plate thickness (H1), thickness of the hypertrophic (H2), pro-
liferative (H3), and resting (H4) zones, number of cells in the hypertrophic zone
(H5), and the angle between the hypertrophic zone-bone interface and the cell
columns (H6). Statistical tests used: F-test (ANOVA, F) or Kruskal-Wallis test (H)
for >2 groups. Significant differences (p < 0.05) are indicated by an asterisk (*).

H1 (ym)  H2(um) H3(um)  H4 (um) H5(N)  H6 ()
DF 699.1 161.8 369.5 162.4 7.5 74.9
[228] [49.1] [119.6] [244.5] [1.58] [7.311
PF 584.0 121.3 304.2 160.4 7.25 71.4
[107.7] [49.3] [104.9] [142.8] [1.92] [10.4]
PT 636.7 151.5 338.4 136.1 7.75 75.5
17211 [45.4] [120.4] [142.0] [1.5] [7.45]
DF H, * H, * H, * H, - F,- H, -
VS.
PF
DF H, - H, - H, - H, - F,- H, -
VS.
PT
PF H, - H, * H, - H, - F,* H, -
VS.
PT

4.2. Proximal femoral plate shows higher shear stiffness than others

The proximal femoral growth plate displayed substantially higher
shear moduli than the distal femoral and proximal tibial plates, which
did not differ significantly from each other (Table 2). Specifically, the
primary shear modulus of the proximal femur exceeded that of the tibia
and distal femur by ~47-60 % and ~43 %, respectively. The secondary
shear modulus showed similar differences. These findings align with
prior studies suggesting that the proximal femur experiences higher
shear forces (Sadeghian et al., 2020) and a larger curvature radius
(Kandzierski et al., 2012; Yadav et al., 2021). Bone geometry and
localized growth rates may also contribute to the elevated mechanical
resistance (Villemure and Stokes, 2009; Yadav et al., 2016).

4.3. Zonal structure correlates with mechanical differences

The primary shear modulus correlated inversely with the thickness of
the hypertrophic zone—thinner zones yielded higher moduli, especially
at higher testing speeds. In contrast, the secondary shear modulus
correlated with the angle of the cell columns, with more oblique ori-
entations showing higher stiffness. These findings likely relate to the
growth plate’s zonal architecture. While articular cartilage properties
depend largely on collagen II content and orientation (Fischenich et al.,
2020; Wang et al., 2020), growth plate mechanics are more influenced
by zonal organization and ossification processes (Agirdil, 2020; Amini
et al., 2012). Collagen type X becomes dominant in the hypertrophic
zone and may contribute to its lower stiffness (Gibson et al., 1996;
Tiffany and Harley, 2022). These mechanical differences are supported
by structural alignment and collagen distribution (Speer, 1982; Prein
et al., 2016).

4.4. Proximal femoral plate fails at higher torsional stress

To relate torsional results to existing shear data, torsional failure
stress was calculated. Shen et al. (2020) found higher simple shear stress
in the proximal femoral plate of young pigs compared to distal femur
and tibia. This trend was mirrored in our torsional results at 0.02°/s,
with the proximal femoral plate failing at 1.24 MPa versus ~0.76-0.77
MPa in the other plates. However, these differences were not observed at
higher testing speeds or in failure energy. Variations between studies
likely stem from differences in pig age (30 vs. 20 weeks), loading rates,
and small sample sizes. Our stress values were generally lower than
those reported by Shen et al. (2020) and by Niehoff et al. (2004) in rats,
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possibly due to species- and age-related factors. Failure energy was
significantly higher in the distal femoral plate than the proximal tibia,
likely due to greater deformation capacity at similar stress lev-
els—consistent with its lower secondary modulus.

4.5. Testing velocity affects secondary, but not primary shear modulus

Testing speed had little effect on the primary shear modulus but
significantly influenced the secondary modulus. At the highest speed,
the secondary modulus increased in both the proximal tibial and femoral
plates (Table 2). This modulus reflects tissue behavior near failure and
suggests that faster loading increases resistance to deformation. This
may reflect a protective mechanism under rapid physiological loads,
limiting harmful deformations (Xie et al., 2020). While testing used
displacement control, in vivo loading is force-driven, so higher stiffness
under faster loads may help maintain structural integrity.

4.6. Growth plates tolerate high torsional angles

Failure occurred at angles exceeding 20°, indicating a higher
torsional deformation capacity than previously reported. Although
literature data on torsional failure in growth plates is sparse, torsion is
implicated in Salter-Harris Type II injuries (Salter and Harris, 1963;
Jones et al., 2017). The large failure angles observed suggest that growth
plates can endure more torsional strain than generally assumed, offering
new insights into injury mechanisms in growing bones.

4.7. Limitations

The main limitation of this study is the small sample size, with only
five individuals examined. Thus, the findings are not fully representative
and apply only to the samples tested. Nonetheless, due to limited data on
growth plate behavior under torsional loading, these results add valu-
able insight. Future studies with larger sample sizes are needed to
improve representativeness and strengthen conclusions.

Samples were treated as independent observations in statistical an-
alyses despite multiple samples from the same individual. This may
overestimate significance due to within-subject correlation. However,
exploratory analyses showed no consistent inter-individual differences
and considerable variation within individuals, supporting this approach
for this exploratory study. Future work could benefit from hierarchical
models like mixed-effects models.

The exact age and sex of the porcine specimens were not recorded;
they were approximately 30 weeks old and either castrated males or
females. No consistent material property differences were observed (see
Supplementary Material, Section 4). However, the study was not pow-
ered to detect sex effects, which remain a limitation.

Collagen fiber orientation was unknown due to staining limitations.
Research on collagen content and orientation in the growth plate is
scarce, especially regarding their effect on material properties and zonal
biomechanics. This gap highlights the need for further studies to clarify
collagen’s role in growth plate mechanics.

Mechanical tests were performed in torsion without controlled
normal forces, though minor normal forces may have occurred due to
geometric and fixation variations. Further experiments are necessary to
explore combined loading effects.

5. Conclusion

This study provides a detailed analysis of the morpho-mechanical
behavior of porcine growth plate tissue under torsional shear loading,
addressing a significant gap in the existing literature. While there has
been limited research on shear properties of the growth plate, studies on
torsional loading have been notably absent until now. Significant vari-
ations in shear moduli were observed across different growth plate types
and testing velocities, with the proximal femoral growth plate
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demonstrating higher mechanical stiffness than the distal femur and
proximal tibia. Histological analysis showed differences in zone thick-
ness, particularly a thinner hypertrophic zone in the proximal femur.
Correlations between tissue microstructure and mechanical properties
were identified, suggesting that increased testing velocity amplifies the
influence of structural features like zone thickness and cell column
orientation on mechanical response.
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