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Micro and Nanostructural Diversity of Lizard Osteoderm
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This paper is dedicated to the memory of Prof. Helmut Colfen.

Hard tissues in biology are typically hierarchical composites. Osteoderms

are mineralized dermal structures, widespread in lizards, in which

a hyper-mineralized superficial layer, the capping tissue, has recently attracted
attention for its unusual structural and mechanical features, with, e.g., moduli
reaching those of enamel. Here, a comparative study of osteoderms from six
lizard species whose osteoderms bear capping tissue (Heloderma horridum,
Pseudopus apodus, Broadleysaurus major, Corucia zebrata, Tiliqua scincoides,
and Tiliqua rugosa) are presented using X-ray computed tomography,
nanoindentation mapping, synchrotron X-ray diffraction/fluorescence
imaging, and finite element modeling. The capping tissue is consistently more
mineralized than the underlying bone across all species. Mechanical testing
shows that the capping tissue is stiffer and harder than bone, but its mechanical
properties range widely, from values only slightly exceeding those of bone

to enamel-like levels. Two extreme architectures are observed: H. horridum
and B. major exhibit unusually large, near-isotropically arranged crystals and
exceptional stiffness, while the other species display smaller crystals, are more
textured than bone, and have less extreme stiffness. This demonstrates that
capping tissue is a morphologically and functionally diverse specialization,
highlighting its potential role in the evolutionary adaptation of osteoderms.

1. Introduction

Hard tissues in vertebrates, such as bone
and teeth, are paradigmatic examples of
biomineralized tissues acting as natural
composite materials. Their outstanding
mechanical performance arises not only
from the intrinsic properties of their con-
stituents (biomineral nanoparticles and col-
lagen fibers), but also from the way or-
ganic and inorganic building blocks are
combined into hierarchical architectures
across multiple length scales.!"?] Collagen
provides a tough and deformable scaffold,
while hydroxyapatite crystals bring stiff-
ness and hardness. Through controlled
mineralization of collagen fibrils and or-
ganization of crystallites, nature makes
composites that achieve an optimized bal-
ance of strength, toughness, and functional
specialization.l3-5

This principle is exemplified in sev-
eral mineralized tissues. Bone and dentin,
with a balanced mineral-to-organic ratio,
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rely on the intrafibrillar and extrafibrillar mineralization of col-
lagen to provide stiffness while retaining fracture resistance.!*®
Enamel represents the other extreme: almost fully mineralized,
it is built from very large and highly organized bioapatite crystal-
lites that yield exceptional hardness and wear resistance.[®%] Sim-
ilar strategies have been observed in the enameloid of parrotfish
teeth, which achieve remarkable grinding capacity through dense
bundles of highly ordered crystallites,’ while the enamel-like
structures found on the crayfish mandible!'”! and both ganoid!'!!
and elasmoid!'?] fish scales combine mineralized layers with
collagen-based cores to produce lightweight yet highly protective
exoskeletal shields.[3] Across these systems, the synergy of sim-
ple building blocks, structured hierarchically, allows vertebrates
to produce materials that far exceed the performance of their indi-
vidual components for both functional and protective purposes.

In terms of protection, the skin is commonly regarded as the
primary barrier layer for any vertebrate, separating the organism
from its environment. Among the skin’s many roles and included
in the varied anatomical features that meet these needs, many
taxa include mineralized structures in the skin. These are placed
variably within the depth of the skin tissue, from superficial in the
case of scales,[11121415] to deep in the dermis.'*'?] In tetrapods,
osteoderms are the dominant form of such skin adaptations. Os-
teoderms are dermal (skin) skeletal structures that are phyloge-
netically, ecologically, and functionally variable. These structures
are common in lizards and are observed sparsely in snakes,!?’!
mammals,!*] but almost universally in crocodilians and cheloni-
ans (aquatic and terrestrial turtles).'®17]

An increasing number of lizard osteoderms have been re-
ported to bear a superficial layer that differs from the underly-
ing bone in mechanical properties and histological characteris-
tics — the capping tissue. Capping tissue was first described in
a species of fossil anguimorph as “osteodermine”?!] and char-
acterized in the extant Heloderma suspectum.*?] Recent histologi-
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cal studies on the capping tissue of a wide phylogenetic range of
species showed that capping tissue might be more diverse than
previously thought.[)] In general, capping tissue is described as
collagen and cell-poor. While some species present no apparent
staining, as is the case with the Heloderma spp., others stain as
basophilic tissue, as is the case for the Tiliqua spp.[?*] More gen-
eral morphological investigations on the overall osteoderm shape
in different lizard species, including nanoindentation in isolated
regions, showed that capping tissue is, on average, stiffer than
the underlying bone.'8242] However, the composition, nanos-
tructure, and detailed mechanical properties of the capping tis-
sue have not been studied, and a systematic comparison of the
capping tissue properties across species is lacking.

The hierarchical micro- and nanostructure of the osteoderm’s
capping tissue was studied, for the first time, in Heloderma hor-
ridum by the current authors.[?! Heloderma horridum has a hyper-
mineralized capping tissue with marginal collagen content and
is enriched in strontium compared to the underlying bone. The
biomineral fraction is composed of hydroxyapatite nanocrystals
of elongated shape and an anomalously large size, reminiscent
of the crystallite sizes found in enamel. Enamel characteristi-
cally presents a very high degree of texturing of the mineral
phase.l7%%] Surprisingly, in H. horridum capping tissue, the
nanocrystals appear to be arranged in a near-isotropic fashion
at the micrometer scale, resulting in a hyper-mineralized tissue
with a very low degree of crystallographic texture. This nanostruc-
ture is uncommon for highly mineralized tissue with high me-
chanical performance, yet H. horridum has the stiffest capping
tissue reported for lizard osteoderms to date. The capping tis-
sue meets the underlying bone through a graded interface with
a decreasing degree of mineralization, which may help dissipate
stress at the interface.

To assess the potential for capping tissue to display these
highly unusual characteristics across a phylogenetically and eco-
logically diverse range of lizards, we studied osteoderm nanos-
tructure and fine-scale material properties in a range of lizard
species. We chose a number of species that differ in osteoderm
size, degree of mineralization, and habit to cover capping tissue
design broadly to identify common architectures and structures.
Surprisingly, we find that the capping tissue nano- to micro-
structures vary tremendously between species, suggesting adap-
tations that, through diverse mechanisms, converge on similar
functional characteristics.

2. Results and Discussion

We compare osteoderms from six different lizard species
(Figure 1; Figure S1, Supporting Information), namely Helo-
derma horridum, Pseudopus apodus, Broadleysaurus major, Coru-
cia zebrata, Tiliqua scincoides, and Tiliqua rugosa, to better under-
stand the hyper-mineralized layer of tissue covering the osteo-
derm bone, referred to as the capping tissue. We present new data
on the mineralized osteoderm structure for P. apodus, B. major,
C. zebrata, T. scincoides, and T. rugosa. Previously published data
on H. horridum were obtained from an open-access repository for
comparison with the other species.!?! The species included in
this study inhabit different habitats in America, Europe, Africa,
Asia, and Oceania, and offer a broad range of osteoderm shapes
and sizes.
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Figure 1. Overview of the lizard species included in this study. a) Phylogenetic tree for species of interest,[?] with periods labeled as J: Jurassic, K:
Cretaceous, Pg: Paleogene, N: Neogene, Q: Quaternary. b) Approximate distribution in the present time.[28-33] Photographs of the species (c) Helo-
derma horridum, d) Pseudopus apodus, e) Broadleysaurus major, f) Corucia zebrata, g) Tiliqua scincoides, and h) Tiliqua rugosa. Photograph credit to (c)
Andrew DuBois (CC-BY-NC 2.0), (d) Konstantinos Kalaentzis (CC-BY-SA-4.0), (e) Erlend Bjortvedt (CC-BY-SA), (f) Guppiecat (CC-BY-NC-ND-2.0), (g)

Benjamint444 (CC-BY-SA-3.0), (h) Will Brown (CC-BY-2.0).

2.1. Osteoderm Morphology

We characterize the overall osteoderm shape, size, and morphol-
ogy by X-ray computed tomography as illustrated in Video 1 and
Figure 2. The hyper-mineralized capping tissue can be identified
as the lighter (higher X-ray absorption) region. There is a large
diversity in morphology, contrasting the relatively simple osteo-
derms from H. horridum (Figure 2a), P. apodus (Figure 2d), B.
major (Figure 2g), and T. rugosa (Figure 2p) to the compound
osteoderms observed in C. zebrata (Figure 2j) and T. scincoides
(Figure 2m). Furthermore, the osteoderms from H. horridum are
isolated from each other in the dermis, while the osteoderms
from the other species present an imbricated structure where the
overlapping region can be identified as the flat surface on the
dorsal-coronal side (Figure 2d,g,j,m). An exception to this fea-
ture is the osteoderm in T. rugosa, which, even though imbri-
cated, does not show the same morphology in the overlapping
region as the other species (Figure 2p). The H. horridum osteo-
derms have an oblate shape and a knobby surface on the dorsal
side and a central vertical neurovascular canal within a channel
that branches up to the dorsal surface (Figure 2b,c). In contrast,
the rest of the species present a flattened shape, curved in the
transverse plane (Figure 2e,h,k,n,q) with a knobby dorsal surface
in P. apodus, B. major, and T. rugosa, and a tessellated area with
indents in C. zebrata and T. scincoides. Large channels traverse the
osteoderm horizontally in P. apodus and vertically in T. rugosa, as
observed in H. horridum.
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Video S6 (Supporting Information) shows X-ray computed to-
mography 3D renderings of an osteoderm from Heloderma hor-
ridum (voxel size: 1.5 pm), Pseudopus apodus (voxel size: 3.8 um),
Broadleysaurus major (voxel size: 4.5 pm), Corucia zebrata (voxel
size: 5.5 um), Tiliqua scincoides (voxel size: 5.8 um), and Tiliqua
rugosa (voxel size: 5.5 um).

The capping tissue, covering the dorsal side of the osteoderms,
presents a higher density because it is heavily mineralized,!** and
is visibly more compact on the 10-100 um scale than the under-
lying bone, as shown in the virtual sections of the osteoderms
in Figure 2. The degree of mineralization in the capping tissue,
calibrated using water and hydroxyapatite phantoms, is shown
in the violin plots in Figure 2s. The mineral density of the osteo-
derm bone lies within regular values for such tissue, with a hy-
droxyapatite content of 1.1-1.4 g cm~3;3* however, not all species
present the same mineral density, as the osteodermites from the
compound osteoderms in C. zebrata and T. scincoides, have the
lowest mineralized bone tissue. H. horridum has the most min-
eralized capping tissue with a mineral content centered around
1.86+0.09 g cm 3, nearly as much as enamel (2.1-2.3 g cm=3) 3]
followed by T. rugosa and B. major, although the capping tissue in
B. major is very scarce and therefore it contributes poorly to the
total counts in the violin plot. Capping tissue has been previously
observed in histological sections[*®! to be very poor in collagen in
P. apodus,**] and it showed nearly no staining in H. horridum/2°!
and H. suspectum.l’’! The thickness of the capping tissue varies
greatly from a continuous mineralized layer in H. horridum, C.
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Figure 2. Osteoderm morphology and microstructure. X-ray computed tomography 3D renderings and virtual slices in the (b,e,hk,n,q) transverse and
(c,f,1,L,r) longitudinal planes of an osteoderm from (a—c) Heloderma horridum (Video S1, Supporting Information; voxel size: 1.5 um), d—f) Pseudo-
pus apodus (Video S2, Supporting Information; voxel size: 3.8 um), g—i) Broadleysaurus major (Video S3, Supporting Information; voxel size: 4.5 um),
j-1) Corucia zebrata (Video S4, Supporting Information; voxel size: 5.5 pm), m—o) Tiliqua scincoides (Video S5, Supporting Information; voxel size: 5.8 um),
and p-r) Tiliqua rugosa (Video S6, Supporting Information; voxel size: 5.5 um). Dashed lines indicate the location of the longitudinal (vertical line) and
transverse (horizontal line) virtual sections. The 3D renderings are positioned with the cranial-caudal direction in the vertical axis and longitudinal virtual
slices with the cranial direction on the left. s) Violin plots of the X-ray CT reconstruction of mineral density as mg of hydroxyapatite per cm? for each

species with mean values in Table S1 (Supporting Information).

zebrata, T. scincoides, and T. rugosa, to a more discontinuous layer
of isolated hyper-mineralized regions in P. apodus and B. major.
Interestingly, the interface between the capping tissue and the
bone also differs strongly between species. In H. horridum and
P. apodus, a relatively wide graded interface is present, previously
denoted as the “transition zone”, whereas in B. major, C. zebrata,
T. scincoides, and T. rugosa, the capping tissue-bone interface is
more abrupt.

2.2. Mechanical Properties of Capping Tissue and Osteoderm
Bone

Capping tissue has previously been reported as being stiffer and
harder than the underlying bone.[7:182224] To reveal spatial trends
in mechanical properties and compare across species, we use
nanoindentation mapping to investigate the local mechanical
properties in steps of 10 um between indents in the longitudi-
nal cross-sections of two different individuals of each species,
as shown in Figures 3 and S2 (Supporting Information). For the

Adv. Funct. Mater. 2025, €26169 e26169 (4 Of16)

compound osteoderms of C. zebrata and T. scincoides, two differ-
ent ROIs were selected in each osteoderm to account for vari-
ability between each osteodermite. Additionally, the capping tis-
sue and bone regions were visually segmented using optical mi-
croscopy. The mechanical properties of each tissue type are dis-
played in the violin plots in Figure 3m, while mean values are
given in the Table S2 (Supporting Information).

The reduced elastic modulus (E) and hardness (H) of the os-
teoderm bone tissue agree with previously reported values in the
literature taken on restricted regions compared to the present
large-scale nanomechanical mapping on four of the six species
studied herein.['®2*] The measured values in the present study
for bone show a mean elastic modulus between 13 + 3 GPa in
T. scincoides and 26 + 5 GPa in T. rugosa, and a mean hardness
between 0.3 + 0.1 and 0.9 + 0.3 GPa in the same species. The lo-
cal mechanical properties of the capping tissue are significantly
larger than those of bone in all species; however, their values vary
greatly. The previously reported H. horridum has the stiffest cap-
ping tissue to date, with mean E = 69 + 13 GPa and H = 3.2
+ 0.8 GPa, and local values up to E = 95 GPa, H = 5.3 GPa.[?/]
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Figure 3. Nanomechanical properties of the lizard osteoderm longitudinal cross-section. a—e) Optical microscopy images of osteoderm cross-sections.
The rectangles mark the ROIs used for nanoindentation mapping. f-I) Nanoindentation mapping in steps of 10 um showing the elastic modulus in
each osteoderm. Replicas of the nanoindentation maps in a second individual for each species are shown in Figure S2 (Supporting Information). Panels
f-l present species in the same order as in Figure 2a—e. m, n) Violin plots of the elastic modulus and hardness for the capping tissue and osteoderm
bone with mean values in Table S2 (Supporting Information). All bone-capping tissue comparisons within each species show statistically significant
differences between the two tissues, p < 0.001 (see Tables S7 and S8, Supporting Information).

Large E and H are also found in the capping tissue of B. major
(Figure 3b,g) and T. rugosa (Figure 3e,l) with E =33 + 6 GPa, H
=12+ 0.3 GPa, and E=37 + 4 GPa, H= 1.5 + 0.2 GPa, respec-
tively. While this is significantly higher than the corresponding
values of bone, Eand H are much lower than in H. horridum, indi-
cating a striking inter-species variation in the mechanical perfor-
mance of capping tissue. Furthermore, previous data agree with
the values for the elastic modulus and hardness of species such
as B. major,18) C. zebrata,!**) and P. apodus.**! However, the av-
erage values alone do not reflect the true microstructure and me-
chanical properties; the present mapping of mechanical proper-
ties reveals a more complex spatial distribution. Broadleysaurus
major presents high mechanical properties in the upper surface
of the osteoderm with values of the elastic modulus and hard-
ness of up to E =49 GPa and H = 2 GPa, which decrease to the
values of bone when moving across the osteoderm cross-section
(Figure 3g). In contrast, Tiliqua rugosa has more homogeneous
mechanical properties in the capping tissue and bone, even if we
observe small variations around structural features in the osteo-
derm bone, such as pores and areas of higher density (Figure 31).
The mechanical properties of the P. apodus capping tissue display
values that are higher than those of bone (mean E =32 + 4 GPa,

Adv. Funct. Mater. 2025, €26169 €26169 (5 of 16)

H = 1.2 + 0.2 GPa); however, with a much smaller difference
to bone than in the previously mentioned species. Interestingly,
nanoindentation mapping shows that the mechanical properties
in the bone increase toward the ventral surface where one osteo-
derm overlaps with the next, indicating adaptation in bone to the
imbricated structure (Figure 3f). The capping tissue of the com-
pound osteoderms from C. zebrata and T. scincoides is stiffer than
the osteoderm bone, but the values are only slightly larger than
the overall osteoderm bone elastic modulus and hardness, with
mean E=26+4 GPa, H=0.9+ 0.2 GPa, and E=26 + 3 GPa, H
=0.9 + 0.1 GPa, for each species, respectively. Additional nanoin-
dentation maps on a second individual can be seen in the Figure
S2 (Supporting Information), and the complete list of mean elas-
tic moduli and hardness values for all nanoindentation maps is
found in the Table S2 (Supporting Information).

The nanoindentation results thus demonstrate a remarkable
diversity in the mechanical performance of capping tissue be-
tween species, ranging from enamel-like to only slightly above
bone. The large variations in the mechanical properties could
suggest adaptations to behavioral interaction, as intra-species ag-
gression has been reported in the case of H. horridum!*®! and
related species.**% This hypothesis, however, does not seem
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plausible for all species: Bite force in multiple species corre-
lates with body size,*! but the mechanical properties of the os-
teoderms reported here do not. From the mechanical proper-
ties reported herein, Tiliqua species present very different me-
chanical properties from Heloderma spp., but the two species
have very similar bite forces.[?] Similarly, C. zebrata, which ap-
pears to have a strong bite force in comparison to the other
species,”] has osteoderms with a low E and H in the capping
tissue. In contrast, B. major, which presents high E and H in
our experiments, has been reported to have a much lower bit-
ing force than both Tiliqua spp. and C. zebrata.[*®] This speaks
to the emergence of both osteoderms and biting performance
as under anatomical and selective constraints and under trade-
offs from environment and ecology, and not purely correlated
with each other. Hence, the mechanical performance of the os-
teoderms may arise then as an adaptation, beyond just to con-
specifics or predators, but to a wider environment, and reflects
the current breadth of hypotheses of osteoderm function more
widely.[*!]

2.3. Capping Tissue Mineral Nanostructure

To understand the large variations in the microstructural me-
chanical properties, we studied the nanostructure of the tissues.
For that purpose, we used scanning X-ray diffraction and fluo-
rescence microscopy on thin longitudinal and transverse osteo-
derm slices from one osteoderm per species using a 17 keV X-
ray beam and steps of 20 x 10 pm (horizontal x vertical) at the
DanMAX beamline at the MAX IV synchrotron (Sweden). The
capping tissue and bone areas in the scanning maps were seg-
mented based on tissue density using X-ray radiography of the
same slices (Figures S3 and S4, Supporting Information). The
resulting masks were used to quantify the different parameters
obtained in the analysis, shown in the violin plots below each
figure.

Strontium and zinc maps were obtained from the scanning
X-ray fluorescence data due to their role in biomineralization as
biomarkers in mineral formation.***3] The distribution of these
oligo elements in the osteoderm is shown in Figure 4. The stron-
tium maps show that it is predominantly higher in the capping
tissue than in the bone, as also shown in the violin plots in
Figure 4f. The distribution of Sr is not homogeneous, though,
and, except for the P. apodus osteoderms, strontium appears pat-
terned in bands of higher concentration in the capping tissue
and bone, especially in the case of B. major, T. scincoides, and T.
rugosa, where it is also concentrated on the osteoderm surface.
The zinc concentration is higher in the capping tissue than in
the bone (Figure 4g); however, it shows a different spatial dis-
tribution from that of strontium. Zinc is more concentrated in
the capping tissue of P. apodus, B. major, and C. zebrata with re-
spect to the bone than in both Tiliqua species. Zinc is also accu-
mulated on the osteoderm surface of all species except B. major
and some areas of P. apodus. The accumulation of zinc at the
osteoderm surface may be assigned to either of two opposing
phenomena. Zinc accumulation is observed at sites of bone for-
mation in other animals, such as mice,!* rats,**] and cows,*°]
suggesting that there may be an ongoing active mineralization
process taking place at the osteoderm surfaces. However, zinc is
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also known to be concentrated at cement lines and tide lines at
the bone/cartilage interface.*”*8! Further work is required to es-
tablish exactly which biological role zinc plays in the context of
osteoderms.

The nanostructure of the capping tissue mineral building
blocks was studied by scanning X-ray diffraction microscopy ex-
periments and subsequent Rietveld refinement of the integrated
diffraction data at each point in the 2D maps.[*”! The following
section presents the results on the longitudinal slices. The equiv-
alent results of the transverse slices from an additional osteo-
derm from the same individuals are displayed in the Supporting
Information, where similar trends were observed. No significant
slice orientation artefacts were observed.

Rietveld refinement of the diffraction patterns in the capping
tissue revealed that the mineral phase is entirely composed of
biological apatite in all five species studied, in agreement with
our previous observations for H. horridum capping tissue.!2°]
The refinement scale factor (Figure S6 (Supporting Informa-
tion)), which is proportional to the number of unit cells in each
scanning point volume, largely coincides with the reconstructed
grayscale values in the computed tomography experiments in
Figure 2. This confirms the higher degree of mineralization in
the capping tissue than in the underlying bone tissue, and the re-
sults previously published for the capping tissue of other lizard
species.[721:22] Maps of the refined unit cell parameters for the
a and c-axis are shown in the Figures S7 and S8 (Supporting In-
formation); average values and standard deviations are reported
in Table S5 (Supporting Information). To facilitate comparisons,
the cell parameters are presented in Figure 5 using a diverg-
ing color scale to show the deviation from the mean value for
each thin slice. The lattice constants vary systematically within
both bone and capping tissue in manners that, we suggest, re-
flect the complicated chemical substitution chemistry of apatites
combined with strain-inducing interactions between organic and
inorganic components. The unit cell a-axis in the capping tissue
tends in most cases to be lower than in the osteoderm bone; ex-
cept for C. zebrata (Figure 5c¢), for which the capping tissue tends
to present higher a-axis values, see also Figure 5p that compares
the data through violin plots. In the case of T. rugosa (Figure 5e),
the capping tissue is homogeneously lower in the a-axis than
in the rest of the bone, delineating the interface between cap-
ping tissue and bone previously seen in the X-ray absorption in
Figure 2r. The unit cell c-axis displays two distinct classes of be-
havior (Figure 5f,g). H. horridum and B. major capping tissue
have a larger lattice c-axis than the bone (see Table S9, Support-
ing Information for full statistical comparisons). In contrast, the
remaining species show the opposite trend with a slightly, but
significantly, smaller capping tissue c-axis value in the case of
C. zebrata, and much lower values in P. apodus and both Tiliqua
species (T. scincoides and T. rugosa). This result indicates system-
atic and clear differences between the species, dividing them into
two nanostructural groups. Furthermore, we note that the surface
of the bone tissue in the overlapping regions of the imbricated os-
teoderms has a larger a-axis and smaller c-axis than the rest of the
osteoderms, especially noticeable in the P. apodus, T. scincoides,
and T. rugosa.

The hydroxyapatite crystallite size was calculated using Scher-
rer’s equation from the peak profile parameters obtained in the
Rietveld refinement at each scanning point. Figure 6 shows the
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Figure 4. Strontium and Zinc maps of osteoderm longitudinal slices. Tomography 3D renderings and X-ray fluorescence scanning maps for (a) Pseudopus
apodus, b) Broadleysaurus major, c) Corucia zebrata, d) Tiliqua scincoides, and e) Tiliqua rugosa. f, g) Violin plots summarizing the (f) strontium and (g)
zinc content in the capping tissue and bone in the longitudinal (L) and transverse (T) slices for the species of interest, with mean values in Table S3
(Supporting Information). All bone-capping tissue comparisons within each measurement show statistically significant differences between capping
tissue and bone, p < 0.001 (see Tables S9 and S10, Supporting Information). The approximate location of the thin slice is indicated on the 3D renderings
in dashed lines. Note that the osteoderm slices were not obtained from the same osteoderm displayed in the left-side panel. Additional scanning maps
on the transverse cross-section can be found in the Figure S5 (Supporting Information).

size of the biomineral nanocrystals in the direction parallel (re-
flection (002)) and perpendicular (reflection (310)) to the unit
cell c-axis, which can be approximated to the crystal’s length
and width. The biomineral crystallite size in the osteoderm bone
presents a relatively homogeneous size distribution across all
species, with mean values between 27 + 2 and 36 + 4 nm in
length, and 4.6 + 0.2-6.0 + 0.5 nm in width. The bone tissue in
P. apodus and C. zebrata presents some inhomogeneities in the
crystallite size with a band below the capping tissue interface.
The capping tissue, in stark contrast to bone, displays a striking
variation across the five species in this study, and the previously
studied H. horridum, included in the quantification in Figure 6f,g.
As previously seen in the unit cell c-axis, the crystallite size in
the capping tissue can be divided into two groups. On the one
hand, H. horridum and B. major (Figure 6¢) have capping tissue
formed by unusually large crystals with mean lengths of 95 + 22
and 52 + 18 nm, and mean widths of 16 + 4 and 9 + 3 nm, re-
spectively, in the transverse slice for each species. These species
present regions with nanocrystalline sizes reaching up to 147 nm

Adv. Funct. Mater. 2025, €26169 e26169 (7 Of16)

inlength and 26 nm in width for H. horridum and 97 nm in length
and 15 nm in width for B. major. Together with this impressive
nanocrystalline size, both species present an extremely low de-
gree of crystallographic texture, as shown in Figure 7b,f. These
large crystallites are arranged nearly isotropically within the
~20 um domain size probed by the scanning X-ray diffraction ex-
periment. On the other hand, the capping tissue of the P. apodus,
C. zebrata, T. scincoides, and T. rugosa displays smaller crystallites
than those in bone. The mean sizes for these species stay between
22 + 2 and 25 + 1 nm in length and 3.4 +£ 0.2 and 5.2 + 0.2 nm
in width, with the smallest and largest crystallites belonging to
the P. apodus and C. zebrata, respectively. The complete list of
mean crystallite sizes can be found in the Table S6 (Supporting
Information). Surprisingly, these smaller crystallite sizes present
a higher degree of crystallographic texture than the surround-
ing bone (Figure 7f), with the special mention of the crystallites
of P. apodus in Figure 7a, which have a considerably higher de-
gree of texture than all other species. Overall, the crystallite sizes
in capping tissue appear much more uniform than previously
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Figure 5. Deviations from the crystallographic unit cell parameter maps of osteoderm longitudinal slices. 3D renderings and Rietveld refined X-ray
diffraction scanning maps expressed as the +/— 0.015 A from the mean value for (a) Pseudopus apodus, b) Broadleysaurus major, c) Corucia zebrata,
d) Tiliqua scincoides, and e) Tiliqua rugosa. f,g) Violin plots summarizing the unit cell (f) a-axis and (g) c-axis in the capping tissue and bone in the
longitudinal (L) and transverse (T) slices for the species of interest, with mean values in Table S5 (Supporting Information). All bone-capping tissue
comparisons within each measurement show statistical significance, p < 0.001, unless specified “ns” (see Tables S11 and S12, Supporting Information).
The approximate location of the thin slice is shown on the 3D renderings in dashed lines. Note that the osteoderm slices were not obtained from the
same osteoderm displayed on the left-side panel. Additional scanning maps on the transverse cross-section can be found in Figure S9 (Supporting

Information).

reported size maps in the H. horridum for both capping tissue and
bone.

To seek trends in structural and mechanical properties, we
compare these in bivariate plots inspired by Ashby plots*®! in
Figure 8. In most cases, H. horridum and B. major stand out. The
a and c lattice parameters (Figure 8a) form groupings differen-
tiated mostly by the c-axis as described above. The crystal sizes
parallel and perpendicular to the c-axis follow an overall linear
trend (Figure 8b), indicating that the increasing crystallite size in
one dimension generally is accompanied by an overall growth in
crystal volume. The striking division of capping tissue between
species stands out clearly here, with H. horridum and B. major
on one side of the bone values, while all other species group on
the other. This division into two groups is particularly interesting
since they also showed different staining properties in previous
histological studies: H. horridum and B. major did not show any
apparent staining in the capping tissue, while P. apodus, C. ze-
brata, T. scincoides, and T. rugosa capping tissue appeared as ba-
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©

sophilic tissue.[?*%¢] The large degree of mineralization of most

capping tissues does not necessarily correlate with the nanostruc-
ture of the mineral, as species with a high degree of mineraliza-
tion present both larger and smaller unit cell c-axis (Figure 8d)
and a wide range of crystallite sizes (Figure 8e). However, the
high degree of mineralization does relate to the mechanical per-
formance of the capping tissue, with a higher elastic modulus
for species with higher mineral content (Figure 8f). Focusing on
the nanostructure of such crystallites, which seems to be a fac-
tor dividing species into two groups, the crystallite size strongly
correlates with the length of the unit cell axes (Figure 8g) and
crystallographic texture index (Figure 8h), indicating a possible
determining factor in the mineralization process and categoriza-
tion of such processes. Surprisingly, larger crystallites do not ap-
pear together with high mechanical performance (Figure 8i), as
high nanoindentation stiffness and hardness are achieved both
by large unoriented and by small, oriented hydroxyapatite elon-
gated nanocrystals.
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Figure 6. Apparent crystallite length and width maps of osteoderm longitudinal slices. 3D renderings and hydroxyapatite crystallite size in the 002
(length) and 310 (width) crystallographic directions obtained from the X-ray diffraction scanning maps for (a) Pseudopus apodus, b) Broadleysaurus major,
c) Corucia zebrata, d) Tiliqua scincoides, and e) Tiliqua rugosa. Note that the color scales vary between subfigures for visibility. f,g) Violin plots summarizing
the crystallite size (f) parallel and (g) perpendicular to the lattice c-axis in the capping tissue and bone in the longitudinal (L) and transverse (T) slices
for the species of interest, with mean values in Table S6 (Supporting Information). All bone-capping tissue comparisons within each measurement show
statistically significant differences between bone and capping tissue, p < 0.001 (see Tables S13 and S14, Supporting Information). The approximate
location of the thin slice is shown on the 3D renderings in dashed lines. Note that the osteoderm slices were not obtained from the same osteoderm
displayed on the left-side panel. Additional scanning maps on the transverse cross-section can be found in Figure S10 (Supporting Information).

To summarize, two species feature capping tissue with larger
crystallites arranged with a very low degree of texture, while the
other four species, in stark contrast to the first group, present
crystallites smaller than in bone but with a higher degree of tex-
ture. This demonstrates a remarkable structural diversity in cap-
ping tissues. This diversity might be speculated to be related
to the biological function of the capping tissue in each species.
However, the differences in capping tissue biological functions
remain an area of active research. There is a consensus emerging
that while a defensive function seems to dominate, diverse sec-
ondary functions are likely to be very important.['”3] However,
no general pattern has emerged as of yet to relations between os-
teoderm function and for example, phylogeny, geography, and/or
ecology. Thus, we conclude that more research is needed on
the relationship between osteoderm structure and its biological
function.

Adv. Funct. Mater. 2025, €26169 €26169 (9 0f16)

2.4. Influence of the Capping Tissue-Bone Interface on the
Mechanical Properties

To help understand the mechanical relevance of the observed
nanostructure variation across the different species, we con-
structed idealized and simplified osteoderm finite element mod-
els. Two primary investigations were carried out related to 1) the
effect of the transition zone thickness between the capping and
bone tissues and 2) the level of anisotropy in the capping tissue,
modeling the observed variation in the degree of texture. These
parameters were observed to vary greatly across species. We re-
strict ourselves to exploring these parameters because the model
is purposely made simple so as to avoid complications from vari-
ations in microstructure, e.g., pores, etc., within the osteoderms.

As expected, !l the increased thickness of the transition zone
resulted in a clear reduction in stress concentration (Figure 9b)
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Figure 7. Crystallographic degree of texture maps of osteoderm longi-
tudinal slices. 3D renderings and hydroxyapatite texture index obtained
from the X-ray diffraction scanning maps for (a) Pseudopus apodus,
b) Broadleysaurus major, c) Corucia zebrata, d) Tiliqua scincoides, and e)
Tiliqua rugosa. Note that the color scales vary between subfigures for vis-
ibility. f) Violin plots summarizing the texture index in the capping tissue
and bone in the longitudinal (L) and transverse (T) slices for the species
of interest, with mean values in Table S7 (Supporting Information). All
bone-capping tissue comparisons within each measurement show statis-
tical significance, p < 0.001, unless specified “ns” (see Table S15, Support-
ing Information). Note that the osteoderm slices were not obtained from
the same osteoderm displayed on the left-side panel. Additional maps on
the transverse cross-section can be found in Figure S11 (Supporting In-
formation).

in the boundary region. The maximum von Mises stress reduced
with increased transition depth from 130, 122, and 98 MPa (cap-
ping tissue, transition zone, and bone) at 0.002 mm transition
thickness (no gradient condition) to 61, 78, and 55 MPa (cap-
ping tissue, transition zone, and bone) at 0.498 mm transition
zone thickness (full capping tissue gradient condition). Even a
marginal increase in transition depth from 0.002 to 0.1 mm gra-
dient thickness resulted in ~25% decrease in maximum stress
across the three regions. These results highlight the significant
impact of transition gradient thickness on stress concentration,
with a reduction in stress concentration with an increased gradi-
ent region. Specifically, it may highlight the functional implica-
tions of the observed transition zone in H. horridum and P. apo-
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dus. However, functionally, it may be more important in H. hor-
ridum as the level of stress concentration is higher in this case,
where the stiffness of the capping tissue is significantly higher
than the bone stiffness. Thus, the relative importance of the gra-
dient in P. apodus for stress concentration mitigation is likely
smaller as the stress concentration is expected to be significantly
lower than in H. horridum.

The level of anisotropy contributes less to the response than
the gradient thickness. Comparison of the fully isotropic case to
the fully longitudinally aligned anisotropic case in Figure 9e,f
highlights small differences between the two cases. Some dif-
ferences are observed, primarily lower strain values across the
capping tissue region and lower stress values in the capping
and transition zone, with no apparent change to the distribu-
tion patterns. The changes in maximum strain represent a 12%
decrease in capping tissue and <1% change across both transi-
tion and bone regions. Regarding maximum stress, 8%, 6% de-
creases, and 3% increase were observed in capping, transition,
and bone regions, respectively. Thus, increased crystallographic
texture may contribute to improved transfer of stress even if the
effect is small.

Here, the investigations for both transition thickness and level
of capping tissue anisotropy were carried out assuming isotropic
bone properties. When considering anisotropic bone properties
regardless of the anisotropic alignment (longitudinal or trans-
verse to the loading axis), the effects of transition depth and level
of capping tissue anisotropy appear to remain consistent (see
Figure S14, Supporting Information). This may, however, change
when also including microstructure effects such as pores.

To determine whether the modelling of the capping tissue
meaningfully affects the response of the simplified osteoderm
model to external loading, the capping tissue material properties
were varied. The properties were linearly interpolated from the
anisotropic capping tissue properties to the bone material prop-
erties, in effect resulting in a full bone osteoderm model. Figure
S16a,b (Supporting Information) highlights the differences be-
tween the two extremes. Regarding the strain contour, the strain
appears to be distributed throughout the structure in the full
bone osteoderm, while inclusion of the capping region limits the
deformation to the bone region. However, as the relative material
properties of the capping tissue increase, the stress concentrates
in the transition zone. Inclusion of the capping tissues results in
~24% reduction in average strain across all regions (Figure S16e,
Supporting Information), accompanied by a ~#14% increase in
average stress (Figure S16f, Supporting Information). However,
due to the stress concentration, the maximum stress increased
by ~60% from 60 to 99 MPa.

The finite element model included a similar ratio of the cap-
ping tissue to bone material properties as in the nanoindentation
results for H. horridum. This suggests that stress concentration
during loading will be the highest in H. horridum osteoderms
compared to the other species. This highlights that the nanos-
tructure of these osteoderms may limit deformation via the stiff
capping tissue while at the same time minimizing the resulting
stress concentration through the inclusion of a transition zone
between the capping tissue and bone. We note that the present
modeling does not take anchoring within the tissue through, for
example, Sharpey’s fibers into account. The stress transfer to soft
tissue can be expected to play an important role in overall tissue
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Figure 8. Summary of parameters for all species. Ashby plots with the mean (symbol) and standard deviation (ellipse) of each species in the study. Bone

(B, open symbols) and capping tissue (C, closed symbols) are shown.

biomechanics, but it is beyond the scope of the present work.
Building on the nanostructure characterization presented here,
future whole-head lizard finite element models®?) augmented
by the capping/bone tissue modelling may help understand the
nanostructure effects on the skull mechanics.

3. Conclusion

In this work, we used a combination of techniques to provide
the first comparative investigation of osteoderm capping tissue
nanostructure across a diverse set of lizard species. To the best
of our knowledge, this represents a singular effort at compre-
hensive cross-species comparison of the same tissue type for tis-
sues other than bone. Capping tissue, located on the dorsal side
of the osteoderm, is consistently more mineralized and gener-
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ally stiffer and harder than the underlying bone. However, its
degree of mineralization, morphology, mechanical performance,
and nanostructure strikingly vary among taxa. In all species ex-
amined, the capping tissue is composed of hydroxyapatite and
enriched in strontium and/or zinc relative to bone, even if the
spatial distribution of these elements differs considerably. While
the capping tissue is universally stiffer and harder than osteo-
derm bone, the degree of stiffening ranges widely, from values
only slightly above those of bone to some of the highest reported
for reptilian skeletal tissues.

At the nanostructural level, two major groups emerge: one rep-
resented by Heloderma horridum and Broadleysaurus major, with
unusually large, nearly isotropic crystals and very high stiffness,
and another encompassing Pseudopus apodus, Corucia zebrata,
Tiliqua scincoides, and Tiliqua rugosa, where the capping tissue
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Figure 9. Effect of transition zone thickness and capping tissue texture in a simplified osteoderm finite element model. a-d) Effect of transition thickness
variation from 0.002 to 0.498 mm, (a) contour plot of the von Mises strain in 0.05 mm (left) and 0.45 mm (right) transition cases, (b) contour plot of
the von Mises stress (MPa) in 0.05 mm (left) and 0.45 mm (right) transition cases, (c) maximum and average von Mises strain in each region against
transition depth, (d) maximum and average von Mises stress (MPa) in each region against transition depth. e,f) Effect of level of anisotropy in the
capping tissue aligned longitudinally with the load, (e) contour plot of the von Mises strain in 0% (left) and 100% (right) longitudinally anisotropic
cases, (f) contour plot of the von Mises stress (MPa) in 0% (left) and 100% (right) longitudinally anisotropic cases, g) maximum and average von Mises
strain in each region against transition depth, h) maximum and average von Mises stress (MPa) in each region against transition depth. Results for the
same analyses with anisotropic bone properties are available in Figure S15 (Supporting Information).

is characterized by smaller, more textured crystals and mechani-
cal properties closer to bone. The correlation between crystal size
and unit cell parameters further underscores the importance of
fine-scale mineral organization in driving tissue performance.
Together, these findings demonstrate that capping tissue repre-

Adv. Funct. Mater. 2025, €26169 €26169 (12 of 16)

sents a highly variable but functionally important specialization
in lizard osteoderms, likely shaped by a combination of phyloge-
netic and ecological factors.

The present results suggest that a high degree of miner-
alization, by itself, does not guarantee excellent mechanical

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

850807 SUOWIWOD A0 3|cedldde ayy Aq peusenob afe sl YO ‘@SN JO SaINJ J0j A%eid 178Ul UO AB|1A UO (SUORIPUOD-PUR-SWBIW0D A8 | IMAeIq | BU [UO//:SANY) SUOTIPUOD pue Swie | 81 885 *[G20Z/TT/S2] Uo Akeiqiauluo A8|iM ‘@0ue. UeIy20D AQ 69T92S202 WIPR/Z00T OT/I0pAW0D A8 | Im A eIq Ul U0 peoueApe//Sdiy WOy papeojumod ‘0 ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Table 1. Summary of samples and techniques used for all of the species measured.

Individual Osteoderm X-ray computed Nanoindentation Scanning X-ray Scanning X-ray
number label tomography diffraction fluorescence
1 A X

1 B

1 C X X

1 D

2 A

performance. Rather, a more complex interplay of crystallite size
and spatial arrangement seems to determine performance. The
two classes of capping tissues display much lower and much
higher degrees of texture than the underlying bone, suggesting
that diverse structural organizations may have evolved, likely in-
dependently, to afford the highly mineralized osteoderm capping
tissues.

4. Experimental Section

Sample Preparation: Osteoderms of a total of six different species of
lizards were used in this study. The lizard specimens were taken from An-
thony Herrel’s collection and from those supplied for research from the
National Museum of Natural History (France). The osteoderms with der-
mis and epidermis (See Figure ST, Supporting Information) were obtained
from the dorsal cervical midline of adult male/female Pseudopus apodus
(Collection 1D Herrel: PA1,2), Broadleysaurus major (Collection ID Herrel:
BM1,2), Corucia zebrata (Collection ID Herrel: CZ1,2), Tiliqua scincoides
(Collection ID Herrel: TS1,2), and Tiliqua rugosa (Collection ID Herrel:
TR1,2). Additionally, the published X-ray imaging dataset on osteoderms
from Heloderma horridum!2833] was accessed for the final comparison be-
tween species. The samples were fixed by placing the tissue in 10% aque-
ous formaldehyde for 48 h, after which it was rinsed and transferred to
70% ethanol for storage.

A total of five osteoderms per species were used in this study, with four
belonging to the same individual (Table 1). One osteoderm, suspended in
70% ethanol-infused agar gel, was used for X-ray computed tomography.
Two osteoderms were embedded in EpoFix resin (Struers ApS, Denmark)
and sequentially sliced in the transverse and sagittal planes, respectively,
using a diamond-blade saw (Accutom-5, M1D15 wheel, Struers ApS, DK)
with a final thickness of 130-185 um. The thin slices were placed on Kap-
ton tape and mounted on metallic rectangular frames for scanning X-ray
diffraction (XRD) and X-ray fluorescence spectroscopy (XRF). Finally, two
osteoderms from different individuals were similarly embedded in EpoFix
resin and halved in the sagittal plane with the diamond-blade saw for
nanoindentation. The inner surface of the osteoderms was then prepared
by polishing with silicon carbide paper (800, 1200, 2400 grit) and a dia-
mond suspension with a final roughness of ~1 um.

X-Ray Microscopy and Computed Tomography: X-ray computed tomog-
raphy was performed in a Versa 620 X-ray microscope (ZEISS, Germany).
A conical X-ray beam was produced using an accelerating voltage of 60
kVp and a power of 6.5 W and filtered using a low-energy filter. A total of
3201 X-ray projections in the range 0-360° were collected on a CCD cam-
era coupled to a 0.4 X magnification objective equipped with a scintillator.
The tomographic reconstructions were conducted using the TXM Recon-
structor Scout-and-Scan software provided with the instrument (ZEISS,
Germany) using a cone beam adapted filtered back projection (FBP) algo-
rithm, resulting in an isotropic voxel size given in Table 2. The tomographic
slices were processed and analyzed using the software Dragonfly (Comet
Technologies Canada Inc.).

For quantitative analyses, micro X-ray computed tomography using cal-
ibrated gray-value intensities was performed on a subsection of the os-
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teoderms using a Scanco uCT35 desktop micro-CT system (SCANCO,
Switzerland). Scanning was conducted at an acceleration voltage of 55 kVp
for all the species except H. horridum, for which 70 kVp was used, and a
power of 8 W, with an isotropic voxel size of 3.5 um. A total of 1000 pro-
jections over 180° were acquired with an integration time of 800 ms. An
aluminum filter was applied to prevent beam hardening effects. Quantifi-
cation of bone and capping tissue mineral density was done by applying a
Gaussian filter to the reconstructed slices (o = 2) for noise reduction and
fitting a triple Gaussian to the histograms.

X-ray transmission radiographies were measured in the Versa 620 X-
ray microscope (ZEISS, Germany) on the slices used for scanning XRD
and XRF. The X-ray transmission images were obtained by averaging 10
radiographies collected with a 5 s exposure time each. Flat-field correction
was applied to the images using 10 images and 5 s exposure time for each
(See Figures S3 and S4, Supporting Information).

Scanning X-Ray Diffraction and Fluorescence Spectroscopy: ~Simultane-
ous scanning X-ray diffraction (XRD) and X-ray fluorescence (XRF) mea-
surements were performed at the DanMAX beamline of the MAX IV labora-
tory synchrotron (Sweden). A monochromatic X-ray beam with an energy
of 17.00 keV was obtained with a Si(111) double-crystal monochromator
and focused to 43.9 x 15.0 um in the horizontal and vertical directions
(full-width half maximum), using a compound refractive lens transfoca-
tor. A motorized stage with 2-axis movement in the plane perpendicular
to the beam was used to raster scan the osteoderm slices with fly-scanning
movement in the vertical direction at a scanning rate of 80 Hz (12.5 ms
per point) in steps of 20 x 10 um in the horizontal and vertical directions,
respectively. The diffraction signal was recorded at each scanning point by
a PILATUS3 X 2 M CdTe detectorl>*] (Dectris, Switzerland) in transmission
geometry at a sample-to-detector distance of 0.2350 m. A tungsten beam
stop was placed between the sample and the detector to block the direct
beam. The tungsten beam stop had an internal aluminum wire to stop flu-
orescence from the Tungsten L edge. The X-ray fluorescence signal from
the sample was measured by a SiriusSD detector (RaySpec Ltd., UK) at a
sample-to-detector distance of 175 mm and turned 36° in relation to the
incident beam. To account for possible texture artefacts, two perpendicular
osteoderm slices (transverse and longitudinal) were measured.

The X-ray diffraction signal was radially integrated to a g-range of 1.5—
41.6 nm~" using the software MatFRAIA.[>®] The integrated diffraction
data were Rietveld refined using a hydroxyapatite model in the range gq

Table 2. X-ray computed tomography parameters.

Species Acquisition Voxel
time [s] size [um]
Heloderma horridum 12 1.498
Pseudopus apodus 10 3.815
Broadleysaurus major 15 4.498
Corucia zebrata 6 5.488
Tiliqua scincoides 7 5.821
Tiliqua rugosa 5 5.503
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= 16.64-39.96 nm~' with the software MultiRefl*?] and GSAS.I¢] The
model used consisted of a background function (10-coefficient Cheby-
shev polynomial expansion), lattice constants, scale factor, profile param-
eters describing an anisotropic size broadening model, as well as a spher-
ical harmonics description of preferred orientation. The obtained refine-
ment results were combined into the corresponding 2D images, excluding
points where convergence was not achieved (these were points without
any diffraction signal). A final intensity mask was applied to remove the
area outside the osteoderm.

The XRF data were processed and fitted using the software PyMCA[37]
to map variations in elemental composition across the osteoderm and
masked in the same manner as the XRD results.

Nanoindentation: Nanoindentation measurements were performed
using a Hysitron Tribolndenter (Hysitron, Minneapolis, MN) with a
Berkovich tip. Nanoindentation maps were obtained by measuring mul-
tiple indentations using a maximum load of 1000 uN and a distance be-
tween indents of 10 um. A 10 s load, 30 s stabilization time, and 10 s
unload scheme was used to ensure relaxation of viscoelastic effects. The
unloading segment in each indent was fitted, and the reduced elastic
modulus (Er) and hardness (H) were calculated using the Oliver—Pharr
method.[>®]

Finite-Element Mechanical Simulation: An idealized, simplified, and
parameterized osteoderm model was developed in Ansys Workbench (AN-
SYS Inc., Canonsburg, PA, USA). Figure S12a (Supporting Information)
shows the base model loosely based on the investigated osteoderms. A
2.5 mm radius cylinder with a 1 mm height was chosen to represent
an osteoderm. Height-based regions were defined to represent the cap-
ping tissue (1-0.8 mm), transition zone (0.8-0.7 mm), and bone region
(0.7-0 mm). Material properties across the transition zone were linearly
interpolated with respect to the height coordinate, where at the lower limit
of the region, the material properties were bone, while at the higher limit,
the properties were capping tissue.

Regarding the boundary conditions, the full bottom surface was
displacement-constrained in all directions. A 0.75 mm radius centered
disc on the top surface was subjected to a 150 N compressive force in
the Z direction. The sides were not constrained.

This simplified model was chosen for two main reasons. First, due
to the extreme variation in both morphology and nanostructure between
species, it is unclear what a more specific representative model would be.
Second, the analyses were carried out to understand the mechanical ef-
fects of the observed nanostructure in general, rather than in the specific
species. However, future work could include finite element (FE) modelling
of species-specific geometry and nanostructure/material properties.

All investigations recorded von Mises, 1st and 3rd principal maximum
and average strains and stresses in the full osteoderm and the three indi-
vidual regions (capping tissue, transition, and bone) as well. Additionally,
cross-sectional (XZ plane) contour plots were produced for the von Mises
stress and strain results.

The material properties obtained from the nanoindentation in this work
were not used in the finite element analyses, as critically, the finite element
analyses focus on the anisotropic capping tissue properties. Thus, the ma-
terial properties used are presented in Table S17 (Supporting Information)
with the anisotropic values obtained from literature for hydroxyapatite for
capping tissuel®®] and cortical bone for the bone region.[%%] Two primary
analyses were carried out and included in the main text. These investi-
gated the transition depth effects, where the thickness of the transition
zone was varied from 0.002 mm depth to 0.498 mm centered at 0.75 mm
height, and the level of anisotropy in the capping tissue, where the capping
tissue material properties were linearly interpolated between the isotropic
and anisotropic properties (as shown in Figure S13b, Supporting Informa-
tion) available in Table S17 (Supporting Information), on the mechanical
response of the model. Additionally, further sensitivity analyses were car-
ried out, including mesh convergence (as shown in Figure S13a, Support-
ing Information) in Figure S14a (Supporting Information). Across all other
investigations, the model consisted of 1355033 tetrahedral elements

Statistical Analysis:  Quantification and statistical analysis of the mea-
sured data were performed using masks for the regions containing the
capping tissue and bone. The masks in the nanoindentation maps were
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obtained by visual identification of the regions of interest in optical mi-
croscopy images. The segmentation of the XRD and XRF scanning maps
was carried out with X-ray radiographies of the measured slices. The cap-
ping tissue was identified by the higher absorption contrast in the radiogra-
phies, coinciding with the higher mineral density in the tissue (see Figures
S3 and S4, Supporting Information). Mean values with standard deviation
for all parameters presented in this study can be found in Tables S1-S6
(Supporting Information).

Statistics were performed in R (version 4.3.1) using packages dplyr,
emmeans, glmmTMB, purrr. performance visualized individually in
DHARMa. For XRF and XRD data, a generalized linear model was con-
structed within each species with Sample (i.e., osteoderm thin slice) and
Tissue (segmented capping tissue vs bone) as fixed effects (given that there
were two samples per species — both from the same individual) with Tis-
sue nested within Sample. A gamma log link structure was used to ac-
count for data shape, and contrasts were performed at the level of tissue
on the response scale. p-values were adjusted for multiple comparisons
(Holm Bonferroni correction), and are presented only as a reference due
to the fine scale of the data considered. For nanoindentation data, a simi-
lar model within species was constructed to compare capping tissue and
bone, with individual and sample as nested fixed effects, due to the low
number of levels of both, and averaging over the levels of grid (represent-
ing osteodermite). Values for the model estimate with standard deviation
and p-values for the bone-capping tissue comparisons are shown in the
Tables S7-S15 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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