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Abstract

The functional signal of bone internal structure has been widely studied. Isolated form-
function relationships have often been assumed from the observation of presumed
morphofunctional relationships, but have never been truly tested. Indeed, distinct bone
microanatomical feature co-evolve in response to various constraints that are difficult to
detangle. This study tested for the first time the impact of various microanatomical
parameters taken one by one, plus some in pairs, on bone strength under compression using
biomechanical modelling. We carried out finite element analyses on humerus models,
obtained from a white rhinoceros, with different heterogeneous internal structures, and
analysed the magnitude and distribution of von Mises stresses. These tests validated earlier
hypotheses of form-function relationships about the greater resistance to compression
provided by the thickening of the cortex and the filling of the medullary area by trabecular
bone and highlighted the stronger impact of increasing trabecular bone compactness than of

avoiding an open medullary cavity. By making it possible to estimate the relative impact of
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each parameter and of combination of microanatomical features, they also showed the
more limited impact of the trabecular bone compactness in the epiphyses to resist
compression, and the fact that microanatomical changes of opposite but of similar
amplitude impact can compensate each other, but that the impact of the sum of two
negative microanatomical changes far exceeds the sum of the impacts of each of the two
changes taken separately. These results contribute to a better understanding of bone
adaptation and form-function relationships so that they later can be used with confidence
for palaeobiological inferences on fossil specimens, contributing to a better understanding of
skeletal evolution during the evolutionary history of vertebrates. They also highlight the
potential of taking internal structure into account in the bone biomechanical analyses. In
addition, they can be used in bioinspiration to design resistant structures subjected to

compression.

Keywords: Biomechanical modelling, Bone adaptation, Compactness, Compression.
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1. INTRODUCTION

The inner structure of bone, like any biological structure, answers to various different
constraints, including historical, structural, developmental, and also functional (Seilacher,
1970; Gould, 2022). The link between bone inner structure and functional requirements has
been highlighted in various skeletal elements and various taxa (Canoville & Laurin, 2010; Kivell
et al. 2011; Dumont et al., 2013; Quemeneur et al., 2013; Houssaye et al., 2016a; Mielke et
al., 2018) and the relationship between bone density and trabecular architecture
(density/orientation) and functional requirements has been widely investigated in humans
(Turner, 1998; Querol et al., 2006; Saers et al., 2016; DeMars et al. 2021). Many inferences
have thus been made about the relationships between bone inner structure and the functional
constraints experienced by bones. These hypothetical form-function relationships have been
largely used to propose paleobiological inferences based on fossil bone microanatomy
(Hayashi et al., 2013; Straehl et al., 2013; Cerda et al., 2015; Ksepka et al., 2015; Klein et al.,
2019; Dunmore et al., 2020; Canoville et al., 2021). However, in nature, various functional
constraints are mixed and it is difficult to precisely determine how one specific anatomical
feature affects one function, which limits the strength of the hypotheses about the
relationships between microanatomical features and function. The focus on one single feature
and on one single function is nevertheless possible thanks to biomechanical modelling.

The objective of this study is to examine bone microanatomical features associated with
strength under compressive load in the skeleton. To do so, the study focuses on one limb bone
of a heavy mammal since these taxa have long bones that are well adapted to support a heavy
weight. Furthermore, in order to enable the optimum investigation, and application of the
results to most other quadrupedal mammals, we selected a heavy mammal whose skeleton is
not too strongly adapted to support a heavy weight so that gallop is still possible (unlike in
elephants; Ren et al., 2010): the rhinoceros. The hippopotamus could also have been chosen
but it is semi-aquatic, so that its skeletal inner structure is also adapted to aquatic locomotion
(Houssaye et al., 2021); therefore we preferred the “simplicity” of a terrestrial rhinoceros. We
thus selected the white rhinoceros Ceratotherium simum, which weighs an average of 2,300
kg (Dinerstein, 2011). Stylopod bones are the ones whose microanatomy is the most
investigated, so analysing a stylopod bone would be the most beneficial for comparative
analyses. Moreover, all the weight of the leg passes through them (whereas it is divided

between the radius and ulna, tibia and fibula for the zeugopod). The forelimb in rhinos, as in
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most non-primate quadrupedal mammals, is more involved in body support whereas the
hindlimb is more involved in propulsion (Lessertisseur & Saban, 1967; Dutto et al., 2006;
Mallet et al., 2019). We thus investigated the humerus of Ceratotherium.

Long bones of heavy amniotes are known to possess a relatively thick cortex and a medullary
area (mostly if not entirely) filled by trabecular bone (Wall, 1983; Houssaye et al., 2016b,c;
2021; Nganvongpanit et al., 2016; Lefebvre et al. 2023). We therefore expect to see that both
a thickening of the cortex and the filling of the medullary area by trabecular bone provide
greater resistance to compression. We also wonder to what extent trabecular bone
compactness, that is the bone volume fraction (volume of the osseous tissue over the total
volume), has an impact on bone strength under compressive load. To investigate this, finite
element analyses associated with compressive load are performed on humeri with different
heterogeneous inner structures. These models are based on a humerus whose original
microstructure is simplified and modified in order to individually test the biomechanical
impact of several microanatomical parameters. We thus investigate the impact of hollowing
out a medullary cavity, changing cortical thickness, and of changing the density of trabecular
bone in the different regions of a humerus. We also analyze the impact of pairs of parameters
to see if they could compensate for each other, and to estimate the impact of the two
parameters relative to the sum of the individual impacts of each of them. These results offer,
for the first time, the opportunity to test isolated form-function relationships that are
generally only assumed in micraoanatomical analyses, and to compare their relative strengths.
It will permit strengthening of the characterization of the microanatomy-function
relationships, and thereby improve our understanding of bone adaptation. This will in turn
also lead to more accurate paleobiological inferences that can be made on fossil taxa based

on their long bone microanatomical features.

2. MATERIAL AND METHODS

2.1 Design of the models

The humerus selected was that of the Ceratotherium simum specimen NMB 8029

(Naturhistorisches Museum Basel, Switzerland), which was an adult (based on the complete

fusion of the epiphyses) male specimen caught in the wild (Uganda). The bone was entirely
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scanned using microtomography with a GE Phoenix|X-ray vItome|xs 240 on the AST-RX
platform at the Muséum National d’Histoire Naturelle, Paris (UMS 2700), at a voxel size of
103.6 um, which enabled us to visualize all individual trabeculae, with reconstructions
performed using DATOX/RES software (Phoenix Datos|x). Bone tissue was entirely
segmented from bone marrow and fixation material. Segmentation was performed using the
Trainable Weka segmentation plugin of imaging processing software ImagelJ (Schindelin et
al., 2012), designed from the Waikato Environment for Knowledge Analysis (Hall et al., 2009;
Arganda-Carreras et al., 2017). This machine learning technique takes as input a few of the
CT-scan slices (illustrating a diversity of regions with different contrasts between bony and
non-bony areas) that were segmented manually, and then segments the entire CT-scan raw
data based on the pre-segmented samples. The segmentation was then checked and
corrected in VGStudio MAX (v2.2.7, Volume Graphics GmBH, 2016). The segmented
complete bone was further divided into numerous volumes of interest (VOI) within
Dragonfly (Object Research Systems, 2021) in order to make compactness cartographies
with the BoneAnalysis plugin. This generates small spherical VOlIs that are distributed over a
3D grid across the whole bone. The spacing of the VOIs was defined as the sum of the
average trabecular thickness and trabecular spacing values. These were obtained based on
the isolation of trabecular bone from cortical bone and a thin layer of compact bone at the
periphery of the epiphyses by manual segmentation (see Houssaye et al., 2018) and the
BoneAnalysis plugin. The radius of each VOI was defined as twice the distance of the VOI
spacing; we thus obtained a spacing of 1.2 mm and a radius of 2.4 mm for the VOIs, spread
all over the bone in a regular 3D grid pattern.

Bone volume fraction (BVF) was calculated for each VOI, defining its compactness (i.e. volume
of bone tissue over total volume of the VOI; between 0 [no bone voxel in the VOI] and 1 [only
bone voxels in the VOI]). It was then possible to export the cartography from Dragonfly as an
image stack, with one voxel per VOI (and thus a resolution of 1.2 mm per voxel), and import it
to Avizo 9.0 (VSG, Burlington, MA, USA). We could then determine compactness intervals
based on the compactness histogram obtained for the whole bone (Figure S3). The aim was
to establish several compactness intervals to design different materials (with distinct material
properties) to be used in FEA, as compactness is by far the main determinant of trabecular
bone stiffness (Stauber et al., 2006; Maquer et al., 2015). As a compromise between time and

scientific significance, we selected five intervals and designed accordingly five materials (to be
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made up by all VOIs showing the corresponding compactness values) for the trabecular bone:
M1) from 0.0001 to 0.2999; M2) from 0.3 to 0.3999; M3) from 0.4 to 0.4999; M4) from 0.5 to
0.5999; M5) from 0.6 to the maximal values that were around 0.85. Since most of the
compactness values are between 0.3 and 0.6, the intervals are smaller between these values.
Trabecular bone was then separated into the five materials depending on VOI compactness
(i.e., we defined territories incorporating VOlIs in the appropriate compactness range for each
material) using the threshold function, and a compact bone material was further added (M6),
determined not from bone compactness but directly from the manual segmentation
mentioned above. This segmentation was very close to the biology but inevitably several
contours between materials were very irregular, or thin (i.e. only one or two voxels), which
would have prevented the making of a suitable 3D mesh (since some tetrahedra would have
been very thin and elongated) to extract from Avizo to FEA software ANSYS (v. 2020 R1, ANSYS
Inc., 2020). As a consequence, some smoothing was necessary, through the Smooth labels,
Shrink/Growth Volume and/or Interpolate functions in Avizo to reduce the irregularities of the
compactness patches (i.e. protrusions or troughs of 2 or 3 voxels) and remove the islands (i.e.
patches of a few [<10] isolated voxels). This resulted in most of the compact bone material in
the periphery of the epiphyses, where it is usually very thin, being included in the closest
trabecular material instead. A 3D Model made from this slightly simplified segmentation still
showed some irregular contours and some very thin patches (one or two voxels wide),
preventing Avizo from making a 3D mesh. We thus performed a further smoothing step by
simplifying the shape of the compactness patches to sharply contoured patches and simplified
shapes. The aim was to obtain a structure representing the distribution of the compactness
patches within the humerus, but simplifying their shape sufficiently to ensure that it could be
transformed into a 3D mesh, either by automatic smoothing with the Smooth labels function
or by manually drawing over the region borders (using the interpolate function to avoid having
to draw on each slice). 3DM1 (Figure 1B,H) was made from this simplified segmentation. All
the following models (Table 1) were made from this reference model:

- 3DM2, to test the effect of a thicker cortical bone (changing only the inner structure, not the
morphology). The material corresponding to the cortical bone (M6) was enlarged towards the
core of the bone, by incorporating voxels of the trabecular material with the function Growth-

Volume used five times (volume expanded by five voxels [i.e., 6 mm] in all directions) and
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subsequently removing the part outside the original external profile of the bone (Figure 1C,l)
so that the bone morphology is not altered and cross sectional area not modified;

- 3DM3, to test the effect of a thinner cortical bone. The M6 material was shrunk using the
Shrink — Volume function five times. Again, only the inner structure was changed, thus only
the inner border of the cortical material was shrunk. The removed voxels were added to a
separate material, with the same material properties as the M4 trabecular material
(compactness between 0.5-0.6; Figure 1D,J), since it corresponds to the average trabecular
compactness of this bone.

- 3DM4, to test the effect of an open medullary cavity. The medullary cavity was designed
from the area of least compactness in the centre of the humeral shaft (which corresponded
to a cylindrical shape belonging mainly to M1) and was extended so that it had similar shape
and delimitations as that of an American bison (Bos bison), based on longitudinal sections
available at the laboratory. This taxon was chosen since it is a rather heavy animal (360 to 544
kg for females, 460 to 998 kg for males [Castelld, 2016]), but still has an open medullary cavity
in its long bones. Finally, the medullary cavity is about the shape of a tube with rounded
extremities extending mostly in the diaphysis (from the end of the medial curve which leads
to the convexity of the lesser tubercle to just above the olecranon fossa), where trabecular
bone is reduced (Figure 1E,K);

- 3DMS5, to test the effect of changes of compactness of trabecular bone in the epiphyses only.
All the voxels in the epiphyses, of all materials except cortical bone and thin layer of compact
bone at the periphery (M6), were moved to new, separate materials. This firstly required the
identification of the boundary between the epiphyses and metaphyses, which was ambiguous
based on our specimen. This was facilitated by the observation of scans of a subadult specimen
of the same species, whose epiphyses were not yet perfectly fused. A material corresponding
to each epiphysis was then generated in a new Avizo label field, by drawing directly on some
slices and interpolating between them, imitating the position of the epiphyseal line observed
on the subadult individual. Intersections between the epiphyseal materials and the M1-M5
trabecular materials allowed the separation of the Mle-M5e materials in the epiphyses

(Figure 1F,L).
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FIGURE 1. Coronal (A; top) and sagittal (G; bottom) sections and associated views of the models 3DM1
(B,H), 3DM2 (C,1), 3DM3 (D,J), 3DM4 (E, K), and 3DM5 (F,L) with different colors indicating different
materials. MC: medullary cavity; CR: cortex replacement; e: epiphysis. Scale bar equals 2 cm. In H the
orange crosses indicate where the bone is constrained, and the blue arrows indicate where the force
is applied. The light-grey materials on the surface of the joint between the humerus and the dark-grey
materials for the partial bones (MS for the scapula proximally and MRU for the radius-ulna distally)

correspond to the cartilaginous materials (MCP and MCD, respectively).

Moreover, beyond analysing the relative impact of each parameter independently, we also
aimed to analyse the impact of the combined effect of two parameters. For that, we built two
additional models:

- Combo1, combining a thicker cortex and a medullary cavity, to evaluate if the former, a
positive effect, compensates the latter, a negative one; we used the same method as for both

3DM?2 and 3DM4.
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- Combo2, combining a thinner cortex and a medullary cavity, to estimate the relative impact
of cumulating these two negative factors; we used the same method as for both 3DM3 and
3DM4.

In order to have a realistic direction and distribution of the forces at the joint contact area,
part of the adjacent bones and thus of the joints were also included in the model. The scapula,
radius and ulna fragments, as well as the cartilage, would thus diffuse the stresses before they
reach the humerus and avoid artefactually high stresses at the nodes where the forces and
constraints are applied. To articulate the scapula and radius-ulna with the humerus in the
correct anatomical position, 3D models of each bone were imported into Blender (v2.81,
Blender Foundation, 2018), and aligned to be in an anatomical position with the humerus. The
space between the humerus and the different bones determined the thickness of the future
cartilage material, thus a typical distance of 2.5 mm was defined between the scapula and
humerus, following Mancini et al. (2019). The articular surface of the radius-ulna for the
humerus wrapped almost entirely around the humeral trochlea making the definition of a
homogeneous cartilage thickness over the articular surface more difficult, but the average
thickness is similar to that at the scapula. The 3D models of the radius-ulna and scapula were
then imported to Avizo, and converted into labels using the Scan Surface to Volume function.
A cartilage material was generated to link the bones. At this point, voxel size was divided by
two (i.e., each voxel was separated into 8 voxels) and the labels were smoothed again, to
increase the resolution, which made the 3D mesh generation easier. The final Avizo labels
consisted of the various humeral materials, the cartilage (MCP and MCD for the cartilage
located proximally and distally to the humerus, linking it to the scapula and radius-ulna
respectively), and the cut-out parts of the scapula (MS) and radius-ulna (MRU).

Once the materials for all the desired models were generated in Avizo, they were thus
transformed into a single 3D volumetric mesh, filled by 10-node second order tetrahedra, to
be imported into ANSYS for FEA. The first step was to generate a hollow 3D surface from the
materials, from which the filled 3D mesh will be generated. The surface had to meet several
quality criteria. Notably, the surfaces must be closed, the triangles must not intersect, and the
expected aspect ratios of all the 3D mesh’s tetrahedra should be below 20 (i.e, the triangles
should be reasonably regular and not too elongated). The surface was first generated with the
Generate surface function, decimated down to 500,000 faces (as this, empirically, gives a FE

model close to the limit of our computation power [512 GB of RAM]), and then remeshed to
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increase mesh regularity. In two cases (3DM2 and 3DM3), before the remesh, the surfaces
were smoothed using the Smooth Surface function. The remeshed surfaces were corrected in
the Surface Editor so that each of the parameters reached the threshold value required; thus,
ANSYS could solve the model with no warnings. This was done automatically with the
functions PrepareTetraGen, fixIintersection, fixDihedralAngle, and fixTetraQuality, which
generally corrected a large proportion of the errors. A few remaining triangles were corrected
using Avizo's manual correction tools. The 3D volumetric mesh was then generated using the
Generate Tetra Grid function in Avizo, filling the volume with tetrahedra (similar to those of
the mesh surface). The various 3D models for which 3D meshes could be generated
correspond to seven different arrangements of the different materials (3DM1-5, Combo1-2;

Figure 1).

2.2 Material properties

Once the 3D meshes were generated for each model, including materials of varying
compactness for the humerus (Table 1), it was necessary to determine the mechanical
properties of each material, in particular the Young's modulus of elasticity (reflecting the
stiffness of the material). The Young’s modulus of the trabecular bone depends primarily on
its compactness (Currey, 2006). In order to determine that relationship for this particular
bone, 14 cubic regions of the bone (13 trabecular, 1 cortical) were virtually sampled from the
segmented CT-scan and tested for their Young’s modulus, using a custom ANSYS routine (see
Supplementary data SD1 for details). The Young’s modulus of each of these regions was
correlated to its compactness with a second-degree polynomial equation, that was found to
fit extremely well to the data (R? = 0.997). The resulting equation was E = 18828 x C2- 1731 x
C + 124.35, with E = Young’s modulus in MPa and C = compactness. Using this equation,
Young’s modulus was then attributed to the different materials of the different models based
on their averaged compactness.

For all models, the cortical bone was considered to have a compactness of 1, resulting in a
Young’s modulus of 17221 MPa. The scapula, radius and ulna have a compactness set at 0.55
(corresponding to a Young’s modulus of 4867 MPa), as the extremities of the bones are
expected to be made up primarily of dense trabecular bone (as for the humerus). In the 3DM1

model, since the idea was to compare theoretical models, arbitrary compactnesses based on
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the histogram (Figure S3) were set at 0.25, 0.35, 0.45, 0.55 and 0.65 respectively for M1 to
M5, corresponding to Young’s moduli of 868, 1825, 3158, 4867 and 6954 MPa, respectively.
For tests (on 3DM1 and 3DM5) implying changes in the compactness of the trabecular bone,
when it came to increasing the compactness, we added 0.10 and, similarly, we removed 0.10
to reduce the compactness.

In order to test the impact of changes in the compactness of the trabecular bone and cortex,
we used five versions of the 3DM1 model (Table 1): 1) 3DM1A, the reference model, with
materials having the compactness values cited above; 2-4) 3DM1B-D with all the trabecular
bone being homogeneous, with a single compactness value, equal to: 0.35 (3DM1B), 0.45
(3DM1C), and 0.55 (3DM1D), respectively. Moreover, 5) 3DMI1E-F were made with
homogeneous properties for all humeral materials (even compact bone so that it only
consisted in trabecular bone), with a compactness of 0.45 (3DM1E) and 0.55 (3DM1F),
respectively.

For 3DM2 (thicker cortex), 3DM3 (thinner cortex), and 3DM4 (with an open medullary cavity),
the compactness values of the materials are the same as in 3DM1A. For 3DM3, the trabecular
bone obtained by reducing the thickness of the cortex was essentially in contact with M3 and
M4 but also, though to a lesser extent, to M5. Its compactness was estimated as 0.55, an
intermediate value between those of these three materials. For 3DM4, rather than delete the
voxels (elements) in the medullary cavity, they were simply defined with a Young’s modulus
of 0.001 MPa. This meant that they contributed nothing to the model stiffness, but kept the
element numbers the same simplifying post-processing.

For 3DM5, we used 4 versions to test the impact of varying the trabecular compactness of the
materials in the epiphyses and in the diaphysis and metaphyses, separately: 1) 3DM5A, where
the compactness of the trabecular materials of the epiphyses are reduced, as described above,
by -0.10, to compare with 3DM1A); 3DM5B, where the compactness of the trabecular
materials of the epiphyses are increased, as described above, by +0.10; 3DM5C-D, where the
compactness of the trabecular materials belonging to the diaphysis and metaphyses are
decreased (3DM5C) and increased (3DM5D) as described above.

For Combol the compactness values of the materials are the same as in 3DM4, while
compactness values of Combo2 are the same as in 3DM3 and 3DMA4. In addition, we analyzed

two additional combinations:

11
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- Combo3, combining a thinner cortex with an increased compactness of trabecular bone, to
see how the positive effect of the latter parameter compensates the negative effect of the
former. For that we used 3DM3 but increased the compactness of each trabecular material by
0.10.

- Combo4, combining a medullary cavity with an increased compactness of trabecular bone,
to see how the positive effect of the latter parameter compensates the negative effect of the
former. For that we used 3DM4 but increased the compactness of each trabecular material by
0.10.

The second important mechanical parameter is Poisson’s ratio. It is the negative ratio of the
transverse strain induced by a given axial strain, describing how a material deforms
perpendicular to a given direction when the material is loaded in that direction. For all
materials corresponding to bone, cortical or trabecular, it varies little, and hence is fixed at 0.3

(Currey, 2002). It was defined as 0.4 for cartilage (Laasanen et al., 2003).

2.3 Loading conditions

We aimed at testing the impact of the various microanatomical features on the resistance to
compressive loading on the bones in the skeleton. This loading applied aimed to provide a
realistic representation of the true physiological loading, albeit with some simplifications that
are inevitable with such biomechanical modelling. Since this study methodology is designed
on the relative comparison between the separate models, the loading was kept consistent
between all models. A musculoskeletal model of the forelimb of C. simum standing at rest had
previously been performed using the OpenSim software (Etienne et al. in press), we used the
resultant compressive force of 15638 N at the elbow in order to remain close to the real
compressive load even in this simplified modelling comparative approach (this value was
corrected to 14835N in the final OpenSim model, but, again, this change does not impact our
relative comparisons). To adapt to the reference frame used in the FE analysis (with the X axis
in the medio-lateral plane, the Y axis in the proximo-distal plane, and the Z axis in the cranio-
caudal plane of the bone), we applied three force components to the nodes of the surface of
the truncated part of the radius: -4633 N in the X axis, 11448 N in the Y axis and 9593 N in the
Z axis. The model was constrained at the scapula, with all nodes of the truncated part being

fixed in all degrees of freedom. We thus only considered compression from the contact forces
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and not the muscular tensions that also apply on the bone. All materials were part of the same
mesh (i.e. connected at each node) so that the direction and distribution of the contact forces
were modelled as accurately as possible, without the need for interaction constraints.

Once each model was run, we analyzed the results by looking at the distribution of Von Mises
stresses, which correspond to a scalar function of the three principal stresses, and can be used
to provide a general indication of the level of stress at a point, and as a predictor of bone
failure (Rayfield, 2007). The closer the Von Mises stress at a given point is to the local strength
value of the bone, the closer the structure is to failure at that point. Von Mises stresses were
preferred to normal stresses to account for the various stresses generated by the compressive
force, and not just compressive stresses. Indeed, the complex shape of the bone implies that
bending will occur and some areas will be loaded in tension, and this must be taken into
account to appreciate the impact on fracture risk.

Stresses were mapped on and within the humerus for each node. Von Mises (VM) color scales
in most models are set to that of the 3DM1A reference model in order to visualize relative
changes (as illustrated in Figure 2); however, they have been adapted for some models to
better visualize regions of maximum values (i.e. in instances when the original color scale
hampered the ability to clearly identify regions with the maximum values).

In order to compare distribution and maximal (magnitude) values of the Von Mises stresses
between the various models, we made frequency graphs (Figures 4, 8) and calculated the 95t
and 99t percentile values (Table 1), following Walmsley et al. (2013), as the pure maximum

stress value is often artefactual.

3. RESULTS

3.1 General distribution of the stress

Overall, Von Mises stresses on the bone outer surface are maximal: caudally in the proximal
part of the diaphysis, below the humeral head and medio-cranially in the middle of the
proximal part of the diaphysis above the teres major tuberosity (Figures 2A; S4-8). The
longitudinal sections show that Von Mises stresses are higher in the cortical area but also
above the humeral head and in its distal half, whereas they are minimal in the medullary area,

in the lesser and greater tubercles and in the distal epiphysis (Figures 3; S9-10). Stresses are
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generally higher in parts of the model with higher stiffness (linked to the Young’s modulus but
also to the cross-section and relative position) as expected, and the maximal magnitudes are
restricted to the outer surface of the bone, the cortex being structurally stiffer than trabecular
bone, particularly under bending and torsion. The 95% and 99t percentile values calculated

for each model (Table 1) are strongly correlated (r=0.93).

0

FIGURE 2. Cartographies of the Von Mises Stress distribution in A- 3DM1A (base model), B- 3DM1B
(homogeneous trabecular bone with high compactness), C- 3DM1C (homogeneous trabecular bone
with average compactness), D- 3DM1D (homogeneous trabecular bone with low compactness), E-
3DMI1E (homogeneous trabecular bone and cortex with average compactness), in (from left to right)
cranial, lateral, caudal, and medial views for 3DM1A, and in (from left to right) caudal and medial views

for the other models. VM scale in MPa. Grey areas correspond to stress magnitudes beyond red.
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FIGURE 3. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- 3DM1A (base model), B- 3DM1B
(homogeneous trabecular bone with high compactness), C- 3DM1D (homogeneous trabecular
bone with low compactness), D- 3DM1E (homogeneous trabecular bone and cortex with
average compactness), E- 3DM2 (thicker cortex), F- 3DM3 (thinner cortex), G- 3DM4 (open
medullary cavity), H- 3DM5A (decreased compactness in the epiphyses), and |- 3DM5D

(increased compactness in the diaphysis and metaphyses). VM stress color scale in MPa.

This stress distribution shows that the stresses are the highest below the humeral head, in the
concavity which is naturally subject to stress concentration because of bending. It is also more
subject to high stress in the proximal half of the diaphysis. We cannot prevent that this result
might be biased to some extent by the fact that, in our modelling design, stresses were applied
proximally and the bone was fixed distally. However, our modelling, although realistic, shows
clear simplifications, since it only includes contact compressive stresses linked to weight
support and no muscular forces for example. However, this does not prevent theoretical

comparisons using this simplistic modelling approach, which is the objective of this study.
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3.2 Consequences of changes in the compactness of trabecular and cortical bone

The comparison of the various 3DM1 models (Figure 2) clearly highlights a lower maximal
stress in the models that are only made of a homogeneous trabecular bone, with no cortical
bone (3DM1E-F; Table 1; maximal (red) values go up to 65MPa for 3DM1E versus 85 MPa for
3DM1A from the Von Mises scales when modified in order to visualize red areas; Figures 2E,
4A). However, the outer distribution is similar. The sections reveal that higher stress extends
more internally in these models, beyond the originally cortical territory (Figure 3A,D).
Interestingly, despite a change in the compactness of the trabecular bone between these two
models (0.45 versus 0.55), they do not show any noticeable change in outer and inner (from

the sections) stress distribution and in maximal stress values (Figures S5B-C, SOE-F; Table 1).

The 3DM1E and 3DM1F models thus show lower maximal stress than the others, with small
regions where stress reaches at least 56 MPa but larger regions with stress between 28 and
37 MPa and large ones with stress higher than 18 MPa. Bone strength is correlated to its
Young’s modulus, with strength being assumed to be roughly one hundredth the modulus
(Currey, 2006, p. 157). Compactnesses of 0.45 and 0.55 imply strengths of approximately 32
and 49 MPa, respectively, and thus lower than the maximal stress values obtained for 3DM1E-
F. Conversely, compact bone’s strength under compression ranges between 170 and 270 MPa
in bovine bone (Currey, 2006, p. 59) and none of our models reaches von Mises stresses with

such magnitude.

When cortical bone remains compact, as in 3DM1A, but that all trabecular bone is made
homogeneous, we observe on the outside of the bone lower stress values for a compactness
of 0.55 (3DM1B; Figure 2B), as compared to 3DM1A, although to a much lesser extent on the
latero-caudal side of the diaphysis above its minimal circumference (Figure S4). This could be
a consequence of a relatively higher stiffness of trabecular bone on the medial part of the
bone in 3DM1A, which is thus “compensated” in 3DM1B-D by the absence of this asymmetry,
and thus the lateral part being relatively stronger than in 3DM1A. Stress values increase
already, as compared to 3DM1B, when compactness reaches only 0.45 (3DM1C; Figure 2C),
and even more when it only reaches 0.35 (3DM1D; Figure 2D) (Figures 4A; S4B,C; S5A). This is
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particularly marked for the maximal stress values, as indicated by the 99t percentile values
(Table 1), whereas the 95™ percentile values vary poorly. The histograms reflect the higher
stress values in 3DM1D compared with 3DM1A, whereas all other 3DM1 models show
relatively lower values (Figure 4A). Stress on the outer bone is higher in 3DM1D than in 3DM1A
except caudally where stress is lower below the humeral head (than in 3DM1A) but higher at
about one third of the diaphysis caudo-laterally. This change in the distribution of the maximal
stress is confirmed by the virtual sections and can justify the almost equivalent (only slightly
higher in 3DM1A) 99t percentile values in these two models. However, the 95 percentile
values are all below those of 3DM1A, in accordance with a distinct distribution of the stresses
inside the bone, as noted from the longitudinal sections. The fact that stressin 3DM1D is lower
below the humeral head than in 3DM1A is explained by the trabecular bone being particularly
poorly compact in this area in 3DM1A so that it is relatively more compact and stiffer in

3DM1D.
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FIGURE 4. Comparison of the Von Mises stresses nodal values obtained (indicated by the

frequency of each stress value interval, with the distribution of the Von Mises stresses in

each model being divided into a hundred intervals) for the various 3DM1 models (A), 3DM5

models (B), 3DM2-4 models, selected models with a negative (D) and a positive (E) impact,

with 3DM1A as a reference. 3DM1E and 3DM1F in A have similar distributions so that only

3DMLIE is visible.

Decreasing the compactness of the trabecular bone in the epiphyses only (3DM5A), only

increases stress below the humeral head and surprisingly reduces stress between the greater
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tubercle and the deltoid tuberosity (Figure 5D). Conversely, when compactness is increased

(3DM5B; Figure 5E), stress is slightly reduced (Figure S7B).

FIGURE 5. Cartographies of the Von Mises Stress distribution in A- 3DM2 (thicker cortex), B-
3DM3 (thinner cortex), C- 3DM4 (open medullary cavity), D- 3DM5A (decreased compactness
in the epiphyses), E- 3DM5B (increased compactness in the epiphyses), F- 3DM5C (decreased
compactness in the diaphysis and metaphyses), G- 3DM5D (increased compactness in the
diaphysis and metaphyses), in (from left to right) caudal and medial views, and only medial
view for F and G. VM stress color scale as in Figure 2. Grey areas correspond to stress

magnitudes beyond red.

When the compactness of the trabecular bone changes only in the diaphysis and metaphyses,
the impact on stress magnitude is higher than when it changes only in the epiphyses (Figures
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5F-G; S7A-B), as also clearly indicated by the percentile values and the histograms (Table 1,
Figure 4B). When compactness increases (3DM5D), stress diminishes all over the bone (with
the highest values below 75MPa; Figures 5G; S7D), and vice versa (3DM5C with highest values

reaching 95MPa; especially medially; Figure 5F).

3.3 Influence of changes in cortical thickness

Increasing cortical thickness (3DM2) reduces maximal stress, except caudally below the
humeral head up to the third of the diaphyseal length (Figure 5A). Decreasing cortical
thickness (3DM3) strongly increases stress all over the bone (especially latero-caudally at the
third of the diaphysis; with the highest values reaching 100MPa; Figure 5B). The histogram
shows a much stronger impact of reducing than increasing cortical thickness on the Von Mises
stress values (Figure 4C). The percentile values of 3DM3 remain strangely below those of
3DM1A, which can reflect the fact that the two histograms are very close for maximal values

(Figure 4C).

3.4 Impact of a void medullary cavity

A void medullary cavity (3DM4) increases stress all over the bone (Figure 4C; 5C; Table 1). The
impact is however lower than that of the reduction of cortical thickness (Figure 4C). The
compactness of the trabecular bone in the diaphysis has a clear impact on stress magnitude,
much more than a change in the compactness of the trabecular bone in the epiphyses (Figure

4C).

3.5 General comparison

The microanatomical alteration that increases von Mises stresses the most is the thinning of
the cortex, as this reduces the stiff surface that forces can spread upon. Next is the reduction
of the compactness of the trabecular bone in the diaphysis, which has a stronger impact than
the presence of a medullary cavity devoid of bone tissue (Figure 4D). Conversely, it is the
reduction of the compactness in the epiphyses that causes the least changes in the von Mises

stresses. The greatest reduction in the maximal stress, after the purely trabecular structures
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(3DM1E-F), is obtained with the homogeneous trabecular structures with the highest
compactness (Figure 4E). Then it is increasing the compactness of the trabecular bone in the
diaphysis and metaphyses that reduces the maximum stress the most, more than thickening

the cortex (Figure 4E).

3.6 Cumulative effects

Displaying a thicker cortex while also including a medullary cavity (Combo1), shows lower
surface stresses except caudally below the humeral head up to the mid-diaphysis (Figure 6A),
and higher stresses in the metaphyses (Figures 7A; S8A; S10E). Combol shows a global
compensation of the two effects, with a rather similar histogram showing higher maximal
values but less moderate ones than 3DM1A (Figure 8A).

The combination of a thinner cortex with an increased compactness of trabecular bone
(Combo3), shows a change in the distribution of the Von Mises stress with a reduction of the
moderate values but an increase in the maximal ones, as for Combol, although it is not
reflected in the percentile values (Table 1, Figure 8A). Stresses are generally only slightly
higher than for Combol. Stress is increased in the diaphyseal region but reduced in the
metaphyses (Figures 6C; S8C; S10G). It is thus more a reorganization of the constraints
associated with a different type of strengthening of the bone.

The combination of a medullary cavity with an increased compactness of trabecular bone
(Combo4), shows lower stresses than the reference model (Figure 8A), similar stresses to
3DM1C, but higher stresses than 3DM5D (Figure 8B). The distribution of the maximal stresses
on the bone surface is similar as in 3DM1A but with a general lower intensity (Figures 6D;
S8D).

Cumulating a thinner cortex and a medullary cavity (Combo2) strongly weakens the bone
(Figure 8A). Stress values are much higher than for 3DM1A, with maximal values up to 115
MPa, from the Von Mises scale when modified in order to visualize the highest stresses. The
impact is stronger medially than laterally (Figure 6B; S8B). Longitudinal sections show that the

humeral head and the metaphyses are also strongly affected (Figure 7B).
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FIGURE 6. Cartographies of the Von Mises Stress distribution in A- Combo1 (thicker cortex &
open medullary cavity [MC]), B- Combo2 (thinner cortex & MC), C- Combo3 (thinner cortex &
increased trabecular compactness [ITC]), D- Combo4 (MC & ITC), in (from left to right) caudal
and medial views. VM stress color scale (here equal for all models) as in Figure 2. Grey areas

correspond to stress magnitudes beyond red.
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FIGURE 7. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- Combo1 (thicker cortex & MC), B- Combo2
(thinner cortex & CM), C- Combo3 (thinner cortex & ITC), D- Combo4 (MC & ITC). VM stress

color scale in MPa.
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FIGURE 8. Comparison of the Von Mises stresses nodal values obtained (indicated by the
frequency of each stress value interval, with the distribution of the Von Mises stresses in each
model being divided into a hundred intervals) for the various Combo models (A), Combo1 and
Combo2 (B) and Combo3 and Combo4 (C) with additional models for comparison, with 3DM1A

as a reference.

4. DISCUSSION

Our models reveal the zones of maximum stress generated solely by the application of
compressive stress, equivalent to contact load in the animal standing at rest, to the humerus
of a white rhinoceros, and how they vary in relation to changes in the inner structure of the
bone. The Von Mises stress values obtained in our models are too low to generate fracture in
our theoretical framework, since maximal values are always on the periphery of the cortex
and rarely exceed 115 MPa (Combo2), whereas compact cortex is estimated to display a
strength under compression rather close to 200 MPa (Currey, 2006, p. 59). However, as
already shown on other long bones, fracture could be engendered by buckling due to
compression (Houssaye et al. 2024). Moreover, as already mentioned, our biomechanical
model does contain inevitable simplification regarding the loading. In particular, it only

considers compression at the contact zones, but not muscle forces. Moreover, the
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compressive load is based on the model of a rhinoceros at rest, and could therefore naturally
be much higher during locomotion. For these reasons (insufficient load magnitude and
frequency), stress values were not expected to approach failure values. The aim here was not
to determine whether a genuine modification to the structure of the rhinoceros humerus
would lead to fracture, but to highlight and compare the impact of the different changes in
bone structure tested. Our results show that our theoretical bone models with no compact
bone are more prone to failure than the reference model, even if they experience lower stress,
since high stress occurs in areas of relatively low stiffness (as compared to compact cortical
bone). Moreover, a lower Young’s modulus also implies a lower yield stress, that is transiting
from an elastic to a plastic (i.e. with irreversible deformation) behaviour, gradually weakening
the bone. This underlines that the adaptation of the internal structure of the bone to resist
compression is not just a matter of reducing stress in general, but of providing a resistant
material where it is needed. This justifies the inner structure of the bone with a layer of
compact cortex surrounding a medullary area, with compressive stresses being transferred
from the articular surfaces to the compact cortex by the osseous trabeculae. If a compact and
thus stiffer structure is required to better handle muscular tensions and ensure bone

movement (Currey, 2006, p. 194), it is thus also required for resisting compression.

In our Ceratotherium models, Von Mises stresses are negatively correlated with cortical
thickness (Figure 4C). The impact of decreasing cortical thickness is much higher than that of
increasing it. The cortex is in fact already proportionally much thicker in Ceratotherium as
compared to in a smaller rhinoceros such as Dicerorhinus (the Sumatran rhinoceros which
weighs less than a ton; Dinerstein, 2011; Pers. Obs.) as in the radius and tibia of these taxa
(Houssaye et al., 2024). The strong impact of reducing cortical thickness on maximal stress
values highlights the essential role of the thick cortex of Ceratotherium humerus to help resist
compressive forces, as previously suggested, but never tested, in microanatomical studies of
large mammals (Houssaye et al., 2016b,c; 2021). However, our study has revealed that the
most efficient way of reducing stresses is not cortical thickening but an increase in the
compactness of the trabecular bone, especially in the diaphysis and metaphyses. Accordingly,
the occurrence of an open medullary cavity increases the stresses, which confirms previous
hypotheses that the filling of the medullary with trabecular bone in heavy taxa was beneficial

in resisting compression (Oxnard et al., 1993; Carter & Beaupré, 2000). However, our results
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more surprisingly reveal that the medullary cavity in itself has less impact than diminishing
trabecular compactness in the diaphysis and metaphyses (on the highest values especially),
which is nevertheless consistent with constraints being minimal in the core of a cylinder under
compression and associated bending (Currey, 2006, p. 199). Changes in epiphyseal
compactness have a limited impact compared with other microanatomical modifications. This
may reflect the rather limited impact of a change in compactness for contact forces in these
areas and rather a link between their trabecular compactness and the stresses associated with
muscle insertions, muscular insertions being indeed more numerous on the epiphyses, with,

on average, stronger muscles (Etienne et al., 2021).

The models combining two features with expected opposite effects combine for one the
features with the strongest impacts (Combo3: cortical thinning and higher trabecular
compactness), and for the other features with more moderate impacts (Combo2: occurrence
of a medullary cavity and cortical thickening). Both show a rather neutral result with a
different distribution of the stresses inside the bone but not so strong differences in the
general stress values. These different strategies can be observed in various taxa in which
compression is assumed to be rather high in association with their heavy weight, such as a
thin cortex but a complete filling of the medullary area by a spongiosa in the sauropod
dinosaur Nigersaurus (Lefebvre et al. 2022) versus a thicker cortex and an open medullary
cavity in the largest bovids (Pers. obs.) and cervids (Houssaye et al., 2021). The combination
of an increased trabecular bone compactness with a medullary cavity, and thus of a factor
with a potentially high positive impact and one with a moderate negative impact, shows a
positive cumulative impact. The model combining two features with an expected negative
impact shows a much higher increase in stress intensity than the sum of the two features
taken in isolation, as clearly shown on the histogram (the area between Combo2 and 3DM1A
being much larger than the sum of the areas between 3DM1A and 3DM3 and 3DM4,

respectively; Figure 8B).

Only a few biomechanical studies dealing with evolutionary biology questions take bone inner
structure into account. Instead, they generally consider bones as homogeneous (e.g.,
Goussard et al., 2010; Cox et al.,, 2011; O’Higgins et al., 2011; Snively et al., 2015;

Lautenschlager et al., 2018; Coatham et al., 2020). Conversely, the heterogeneous structure
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of the bones is considered, and even the focus of certain biomechanical studies, in bone
biology. This is done either on complete bones, notably on the basis of bone density or general
inner architecture, or on regions of interest, this time with more detailed structures (with
individualized trabeculae) (Morgan & Bouxsein, 2005; Querol et al., 2006; Rudman et al., 2006;
Helgason et al., 2008; Groning et al., 2012; Christen et al., 2014; Kainz et al., 2020). Thanks in
particular to the development of microtomography and computing capacities that have made
it possible to process very large quantities of data in biomechanical analyses, some recent
morpho-functional studies in evolutionary biology have incorporated the heterogeneous
inner structure of bones in their analyses on partial bones or even, more rarely, on complete
ones (Mielke & Nyakatura, 2019; Van Leeuwen et al., 2022; Clarac et al., in review). Our study
highlights the relative impact of microanatomical features on bone biomechanics. It would be
interesting to estimate the relative impact generated by different heterogeneous inner
structures versus a homogeneous one for a single bone in analyses comparing the
biomechanical properties (e.g., bone strength, load distribution under specific loads...) of

several bones.

This study focused on bone strength under compression. It allowed us to isolate various
microanatomy-strength under compression relationships through modeling and to compare
their relative intensities, as well as the result of the co-occurrence of pairs of these
relationships. This test of isolated form-function relationships, which are otherwise mixed in
nature, and their comparison serves to better understand bone adaptation. This can be of
great use to improve paleobiological and archeozoological inferences from the study of fossil
bones. Here only bone compactness was modified, in various parts of a reference bone model.
To date, the full bone's structure with individualized trabeculae cannot be incorporated into
ANSYS, at least not for a rhinoceros. Until computer developments make this possible, it would
be interesting to continue looking at other form-function relationships through simplified
modeling. We could isolate the impact of similar microanatomical features this time under
stress generated by muscular activities, or focus on the impact of anisotropy, using various
grids. Moreover, similar modeling approaches with one-by-one parameter changes can be
used to perform various sensitivity analyses, in order to estimate the relative impact of
simplifications or choices in biomechanical models (for example, in relation to the areas where

the bone is constrained and the force applied, to the different grids used as compared to the
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original trabecular network, or to modeling parameters such as the number of faces), but this

time with models as close as possible to true biology.

In addition, our results have potential relevance for bioinspiration. Indeed, this design
approach, which uses observations of biological systems to design innovative structures
(Adriaens, 2019), requires the isolation of single form-function relationships from biological
sources. Bone is now increasingly used for bioinspiration in various fields (see details and
references in Houssaye et al., 2024) and determining clear form-function relationships in bone

structure offers great potential for bioinspiration.

5. Conclusion

This innovative modelling enabled us to highlight the relative impact of various bone
microanatomical parameters on the magnitude and distribution of Von Mises stresses in the
humerus of a white rhinoceros under compression. Our study confirmed previous hypotheses
about the role of a thickening of the cortex and the filling of the medullary area by trabecular
bone to better resist high compression in heavy taxa, with however a stronger impact of
increasing trabecular bone compactness than of avoiding an open medullary cavity. These
analyses have also highlighted the lower impact of the compactness of the trabecular bone in
the epiphyses, as compared to in the diaphysis, for resisting compressive forces. Moreover, it
has shown that if microanatomical changes of opposite but of similar amplitude impact can
compensate each other, the impact of the sum of two negative microanatomical changes far
exceeds the sum of the impacts of each of the two changes taken separately. Such conclusions
enable us to validate and better estimate previous form-function relationships and to allow
them to be used for paleobiological and archeozoological inferences. These form-function
biomechanical rules can also be used for bioinspiration to build more resistant structures with
less material. The bone biomechanical relationships highlighted in this study could thus be
used in various “weight support” structures. Further studies with such a modelling approach,
focusing on muscular constraints or on other bone parameters for example, could provide
additional form-function relationships to better characterize bone adaptation. Our study also
highlights the significant impact of the inner structure on the results of FE analyses, and thus
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the interest to take it into account in biomechanical studies. Further modelling studies, this
time on several bones and on models closer to biological conditions, could help to better

estimate its relative impact in comparative studies.
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Supplementary data

SD1. Estimations of the Young’s modulus for the various materials

In order to obtain a Young’s modulus corresponding to the bone volume fraction of our
materials, several regions in the bone were tested for trabecular properties (Table S1, Figure
S1). This was done using an automated ANSYS (v. 2020 R1, ANSYS Inc., 2020) script file
developed at the University of Hull. The routine takes a stack of segmented images in black
and white of a cubic region of bone and converts it into a finite element mesh with a cubic
element replacing each voxel. Regions were typically 100*100*100 voxels (approximately 1
cm on a side), but could be smaller when no region sufficiently large with homogeneous
trabecular properties was available. White elements were defined as bone tissue; in order to
input realistic material properties, we used the Young’s modulus of a real sample of frozen
wet rhino bone (distal femoral cortex) provided by J.R Hutchinson (Royal Veterinary College,
London, UK) and tested at the Biomedical Engineering Research Group of the University of
Hull with an Anton Paar NHT3 nanoindenter in all three directions. That value was averaged
at 17.5 GPa (22 GPa in axial compression, 15 GPa in radial and circumferential compression).
Poisson’s ratio was set at 0.3 as in other studies (Currey, 2002; Strait et al., 2005; Dumont et
al., 2009; Curtis et al., 2011). Black elements were defined as having a very low Young’s
modulus (1 MPa) and an identical Poisson’s ratio to that of bone (0.3). The black elements,
representing (marrow) spaces between the osseous tissue deposits, were modelled as very
low modulus material so that any partially connected bone elements would not lead to
errors during the solution phase. Sensitivity of the results to the value of the Young’s
modulus used for the black elements was thoroughly tested to confirm that they did not
affect the overall bone stiffness values. The ANSYS routine then constrains the nodes on one
face of the model in all degrees of freedom, and applies a one voxel displacement on the
opposite face, and calculates the Young’s modulus of the sample through the reaction force
observed, automatically for all three directions. A total of 14 regions (13 trabecular, one
cortical), chosen to cover a wide variety of inner bone distribution geometries, were tested
in various parts of the bone, with varying bone volume fraction, in order to have a global
idea of the material properties associated with bone volume fraction (Table 1, Figure 1).
Correlation between the average Young’s modulus and BVF of each region was assessed in
Excel, with an equation generated (Figure S2).
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Figure S1. Positions of the trabecular regions tested for stiffness. Caudal (A) and medial (B)
views. Indexes are described in Table S1. Colours are used merely to facilitate region
differentiation. P: proximal, M: medial, Cr: cranial.
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Figure S2. Correlation between bone volume fraction and Young’s modulus in the tested regions
(each point represents a region). The equation was used to determine the Young’s modulus of our

materials based on their bone volume fraction.
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Table S1. Cubic regions tested for stiffness. Size designates the length of the edge of the cube,

in voxels.
Bone Young's
N° Size Description Volume modulus
Fraction (MPa)
1 40 Thin cortex near bone border 55.5 4884
2 80 Low BVF in cortical space 57.7 4679
3 100 Head 57.6 5352
4 100 Medial trochlea 60.6 6126
5 100 Lateral trochlea 55.1 4987
6 100 High BVF 47.8 3564
7 100 High BVF 43.6 3165
8 90 High BVF 45.8 3258
9 100 Medium BVF 36.0 2158
10 100 Medium BVF 31.1 1432
11 100 Medium BVF 35.7 2102
12 100 Low BVF 23.4 683
13 100 Low BVF 23.3 797
14 100 Cortical bone 97.8 16555
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FIGURE S4. Cartographies of the Von Mises Stress distribution in A- 3DM1A (base model), B-
3DM1B (homogeneous trabecular bone with high compactness), C- 3DM1C (homogeneous
trabecular bone with average compactness), in (from left to right) cranial, lateral, caudal, and

medial views. VM stress color scale in MPa.
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FIGURE S5. Cartographies of the Von Mises Stress distribution in A- 3DM1D (homogeneous
trabecular bone with low compactness), B- 3DM1E (homogeneous trabecular bone and cortex
with average compactness), C- 3DM1F (homogeneous trabecular bone and cortex with high
compactness), in (from left to right) cranial, lateral, caudal, and medial views. VM stress color
scale in MPa, as in Fig. S4. Grey areas correspond to stress magnitudes higher than values

indicated by red.
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FIGURE S6. Cartographies of the Von Mises Stress distribution in A- 3DM2 (thicker cortex), B-
3DMS3 (thinner cortex), C- 3DM4 (open medullary cavity), in (from left to right) cranial, lateral,
caudal, and medial views. VM stress color scale in MPa, as in Fig. S4. Grey areas correspond to

stress magnitudes higher than values indicated by red.
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FIGURE S7. Cartographies of the Von Mises Stress distribution in A- 3DM5A (decreased
compactness in the epiphyses), B- 3DM5B (increased compactness in the epiphyses), C-
3DM5C (decreased compactness in the diaphysis and metaphyses), D- 3DM5D (increased
compactness in the diaphysis and metaphyses), in (from left to right) cranial, lateral, caudal,
and medial views. VM stress color scale as in Fig. S4. Grey areas correspond to stress

magnitudes higher than values indicated by red.
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FIGURE S8. Cartographies of the Von Mises Stress distribution in A- Combo1 (thicker cortex &
open medullary cavity [MC]), B- Combo2 (thinner cortex & CM), C- Combo3 (thinner cortex &
increased trabecular compactness [ITC]), D- Combo4 (MC & ITC), in (from left to right) cranial,
lateral, caudal, and medial views. VM stress color scale as in Fig. S4. Grey areas correspond to

stress magnitudes higher than values indicated by red.
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FIGURE S9. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- 3DM1A (base model), B- 3DM1B
(homogeneous spongiosa with high compactness), C- 3DM1C (homogeneous spongiosa with
average compactness), D- 3DM1D (homogeneous spongiosa with low compactness), E-
3DM1E (homogeneous spongiosa and cortex with average compactness), F- 3DMI1F
(homogeneous spongiosa and cortex with high compactness), G- 3DM2 (thicker cortex), H-

3DM3 (thinner cortex), |- 3DM4 (open medullary cavity). VM stress color scale in MPa.
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FIGURE S10. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- 3DM5A (decreased compactness in the
epiphyses), B- 3DM5B (increased compactness in the epiphyses), C- 3DM5C (decreased
compactness in the diaphysis and metaphyses), D- 3DM5D (increased compactness in the
diaphysis and metaphyses), E- Combo1l (thicker cortex & MC), F- Combo2 (thinner cortex &
CM), G- Combo3 (thinner cortex & ITC), H- Combo4 (MC & ITC). Colour scale as in Fig. S4.
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Tables

TABLE 1. List of the models analyzed and compactness of the associated materials. Epy:

epiphyses. Per: Percentile values of the Von Mises Stress calculated for the various models.

Von Mises
Materials’ compactness Stress
(MPa)
gsth ggth
3D Model Description Ml1| M2 | M3 | M4 | M5 | M6
per. | per.
48.2
3DM1A 0.25]0.35/0.45|0.55(0.65| 1 |30.1
41.8
3DM1B 0.55|0.55[/0.55(0.55|0.55| 1 |27.8
. . . 44.5
spmic| Simplified segmentation |, 4ol 451045 0.45 | 0.45| 1 |28.2
with changes in
3DM1 compactness of 178
; 7.
spmip| rabecular &cortical 1 ool 51351 035(035| 1 |28.6
bone
35.2
3DMI1E 0.45(0.45/0.4510.45/0.45|0.45|25.5
35.2
3DMI1F 0.55|0.55(0.55|0.55/0.55|0.55|25.5
435
3DM2 Thicker cortex 0.250.35/0.45|0.55|0.65| 1 |28.7
47.3
3DM3 Thinner cortex 0.25(0.35/0.45|0.55/0.65| 1 |27.9
50.0
3DM4 Medullary cavity 0.25(0.35|0.45|0.55(0.65| 1 |30.4
0.25|0.35]0.45|0.55|0.65
Changes in the trabecular 29.8| 48.4
3DM5A 1
compac’Fnes.s of the epy: | epy: | epy: | epy: | epy:
3DMS5 materials in the 0.15|0.25|0.35|0.45 | 0.55
epiphyses and in the
diaphysis and metaphysis | 0-25 [0-35 | 0.45| 0.55 | 0.65 29.0| 46.5
3DM5B separately 1
epy: | epy: | epy: | epy: | epy:
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0.35|0.45 | 0.55 | 0.65 | 0.75
0.150.25 |0.35 | 0.45 | 0.55
29.950.7
3DM5C
epy: | epy: | epy: | epy. | epy:
0.25|0.35|0.45 | 0.55 | 0.65
0.35|0.45 | 0.55 | 0.65 | 0.75
28.9| 45.0
3DM5D
Eepy: | epy: | epy: | epy: | epy:
0.25|0.35 | 0.45 | 0.55 | 0.65
Combo1l Thicker cortex & 0.25|0.35|0.45 | 0.55 | 0.65 28.7| 447
medullary cavity
Combo2 Thinner cortex & 1) 35 1 5 45| 0.55 | 0.65 30.7| 541
medullary cavity
Thinner cortex (3DM3)
Combo3 with increased 0.35|0.45 | 0.55 | 0.65 | 0.75 27.4| 442
compactness of
trabecular bone
Medullary cavity (3DM4)
Combo4 with increased 0.35|0.45 | 0.55 | 0.65 | 0.75 29.6|47-1

compactness of
trabecular bone
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Figure legends

FIGURE 1. Coronal (A; top) and sagittal (G; bottom) sections and associated views of the
models 3DM1 (B,H), 3DM2 (C,1), 3DM3 (D,J), 3DM4 (E, K), and 3DM5 (F,L) with different colors
indicating different materials. MC: medullary cavity; CR: cortex replacement; e: epiphysis.
Scale bar equals 2 cm. In H the crosses indicate where the bone is blocked, and the arrows the
force applied. The light-grey materials on the surface of the joint between the humerus and
the dark-grey materials for the partial bones (MS for the scapula proximally and MRU for the

radius-ulna distally) correspond to the cartilaginous materials (MCP and MCD, respectively).

FIGURE 2. Cartographies of the Von Mises Stress distribution in A- 3DM1A (base model), B-
3DM1B (homogeneous trabecular bone with high compactness), C- 3DM1C (homogeneous
trabecular bone with average compactness), D- 3DM1D (homogeneous trabecular bone with
low compactness), E- 3DM1E (homogeneous trabecular bone and cortex with average
compactness), in (from left to right) cranial, lateral, caudal, and medial views for 3DM1A, and
in (from left to right) caudal and medial views for the other models. VM scale in MPa. Grey

areas correspond to stress magnitudes beyond red.

FIGURE 3. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- 3DM1A (base model), B- 3DM1B
(homogeneous trabecular bone with high compactness), C- 3DM1D (homogeneous trabecular
bone with low compactness), D- 3DM1E (homogeneous trabecular bone and cortex with
average compactness), E- 3DM2 (thicker cortex), F- 3DM3 (thinner cortex), G- 3DM4 (open
medullary cavity), H- 3DM5A (decreased compactness in the epiphyses), and |- 3DM5D

(increased compactness in the diaphysis and metaphyses). VM scale in MPa.

FIGURE 4. Comparison of the Von Mises stresses values obtained for all VOIs (indicated by
their frequency) for the various 3DM1 models (A), 3DM5 models (B), 3DM2-4 models,
selected models with a negative (D) and a positive (E) impact, with 3DM1A as a reference.

3DM1E and 3DM1F in A have similar distributions so that only 3DM1E is visible.
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FIGURE 5. Cartographies of the Von Mises Stress distribution in A- 3DM2 (thicker cortex), B-
3DM3 (thinner cortex), C- 3DM4 (open medullary cavity), D- 3DM5A (decreased compactness
in the epiphyses), E- 3DM5B (increased compactness in the epiphyses), F- 3DM5C (decreased
compactness in the diaphysis and metaphyses), G- 3DM5D (increased compactness in the
diaphysis and metaphyses), in (from left to right) caudal and medial views, and only medial
view for F and G. VM scale as in Figure 2. Grey areas correspond to stress magnitudes beyond
red.

FIGURE 6. Cartographies of the Von Mises Stress distribution in A- Combol1 (thicker cortex &
open medullary cavity [MC]), B- Combo2 (thinner cortex & CM), C- Combo3 (thinner cortex &
increased trabecular compactness [ITC]), D- Combo4 (MC & ITC), in (from left to right) caudal
and medial views. VM scale as in Figure 2. Grey areas correspond to stress magnitudes beyond

red.

FIGURE 7. 2D longitudinal sections in coronal (left) and sagittal (right) views illustrating the
Von Mises stress distribution inside the bone. A- Combo1 (thicker cortex & MC), B- Combo2
(thinner cortex & CM), C- Combo3 (thinner cortex & ITC), D- Combo4 (MC & ITC). VM scale in
MPa.

FIGURE 8. Comparison of the Von Mises stresses values obtained for all VOIs (indicated by

their frequency) for the various Combo models (A), Combo1 and Combo2 (B) and Combo3 and

Combo4 (C) with additional models for comparison, with 3DM1A as a reference.
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