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designs of head protection systems that can effectively reduce concussion occurrence in

humans.

1.3. Bighorn Sheep Cranial Appendages

Rams have permanent cranial appendages that grow continuously into large,
tapered spiral structures. Unlike antlers, these cranial appendages are not shed and regrown
seasonally, and are generally representative of animal age and size. A bony horncore
projects from the skull and is encased in a keratinized horn (Figure 1). The horn is anchored
to the horncore via a soft, connective tissue interface. The horncore is further discretized
into a dense, cortical bone shell filled with a porous bone architecture. The porous
architecture of the horncore has a bone volume fraction that falls within the range of typical
mammalian trabecular bone (~20%) but different strut geometry. The strut thickness (2.87
+ 0.78 mm) and separation (11.91 £ 0.88 mm) measured for porous horncore bone are
several orders of magnitude larger than trabecular thickness (0.12 + 0.02 mm) and
separation (0.57 + 0.08 mm) measured for trabecular bone samples from the proximal tibia
of grizzly bears [20]. Additionally, the struts in the horncore are generally wide and flat
plates instead of the long and narrow rods observed in trabecular bone. Accordingly, this

unique bone architecture is referred to as “velar” bone (from the latin velum for sail) [20].

Since the horn and horncore are not shed and regrown annually like antlers they
must be exceptionally resistant to damage accumulation and flaw propagation. However,
the horn and horncore must also maintain low weight to minimize the metabolic cost of
locomotion. Since similar mechanical efficiency is desirable in many engineering

applications there is motivation to understand the structure-function relationships of



bighorn sheep horn materials. Research to date has been limited to characterizing the horn,

neglecting the horncore and connective tissue interface.
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Figure 1-1. Longitudinal section of the proximal region of bighorn sheep horn showing
various components including the horn, horncore cortical and velar bone, and the horn-
horncore interface.

1.3.1. Horn

Keratin is a structural protein found abundantly in biological materials including
horns, hooves, hair, and beaks. Like many natural materials, the exceptional material
properties of ram horn are attributed to its hierarchical structure (illustrated in Figure 2).
Starting at the molecular level, keratin a-helices are joined by disulfide and hydrogen bonds
to form intermediate filaments approximately 12 nm in diameter [21-23]. Intermediate
filaments are embedded in an amorphous keratin matrix to form macrofibrils with
diameters around 200 nm [21-23]. Microscopically, randomly oriented macrofibrils
aggregate within a plane to form disk shaped cells approximately 1 — 2 um thick and 20 —

30 um in diameter [23]. These keratinized cells form a lamellar structure that encapsulates
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elliptical tubules running along the length of the horn. The lamina surrounding these
tubules form an angle of ~30° with respect to the tubule direction [23]. Tubule cross
sections are organized with the major axis (~59 — 100 um) and minor axis (~25 — 40 um)
oriented circumferentially and radially, respectively [23,24]. Furthermore, tubules are
distributed such that there is a radial porosity gradient that decreases from 8 — 12% porosity
near the outer horn surface to completely solid (0% porosity) at the inner horn surface [24].
Although a porosity gradient in the opposite direction would more effectively resist
bending, deformation of the porous tubules near the outer surface of the horn is likely
beneficial for absorbing energy and reducing impact forces [24]. This porous
microstructure allows the horn to maintain relatively low weight while providing adequate

mechanical competence to survive frequent ramming impacts during intraspecific combat.

The mechanical behavior of the ram horn has been quantified under a multitude of
conditions including varying states of tissue hydration, loading modes, and loading rates.
Generally, horn displays anisotropic behavior due to the preferential orientation of tubules.
Horn is stiffest and strongest when loaded in the longitudinal direction (parallel to tubule
length) but absorbs more energy when loaded radially (in the direction of ramming impact)
[23-25]. Additionally, horn displays different mechanisms of deformation and failure
depending on the applied loading mode and is most compliant and ductile under
compressive loading. Compressive loading results in microbuckling, shear band failure,

and delamination while failure under tensile loading typically occurs from matrix failure,
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Figure 1-2. Illustration of the hierarchical structure of the bighorn sheep horn from the
gross structure of the tapered-spiral horn (left) to the molecular structure of the keratin a-
helices (right). At intermediate length scales, disk shaped cells with randomly oriented
macrofibrils form a laminar structure around microscopic tubules that run along the horn
length. Reprinted with permissions from [23].

fiber pull-out, and tubule fracture [23-26]. Additionally, horn demonstrates viscoelasticity
in the form of strain-rate sensitivity similar to many other natural materials, with increased
strength, stiffness, and energy absorption at higher loading rates. These characteristics are
true for both wet and dry horn but are more pronounced for dry horn (~10 wt% water)
compared to rehydrated conditions (~35 wt% water). The elastic modulus reported for dry
horn ranges from 0.96 GPa (0.001 s, radial direction) to 3.66 GPa (4000 s, longitudinal
direction) while elastic modulus values for wet horn range from 0.13 — 1.525 GPa under
similar conditions [23]. Compressive strength of horn loaded at 1000 s ranges from 109
— 165 MPa for dry horn and 27 — 28 MPa for wet horn [26]. Meanwhile, the tensile strength
of horn loaded at 1000 s ranges from 48 — 117 MPa for dry horn and 34 — 49 MPa for wet
horn [26]. The results indicate the important role moisture content plays in determining

the mechanical properties of the horn during ramming.



Perhaps most notably, hydrated horn has demonstrated a remarkable ability to
undergo extreme deformation without damage. In one study, horn samples impacted to
compressive strains as high as 30% recovered their initial length upon unloading [23]. This
finding suggests that the horn is capable of storing significant amounts of energy without
damage and may play a critical role in reducing energy transfer to the brain during
ramming. While these findings provide insight into the potential role of the horn in brain
injury mitigation, similar characterization studies on the horncore and horn-horncore
interface are lacking. With that said, computational modeling of bighorn sheep ramming

has demonstrated the importance of velar bone for impact energy absorption.

1.4. Finite Element Modeling of Bighorn Sheep Ramming

Simulations of bighorn sheep ramming have offered valuable insight into the role
of the horn and horncore in post-impact injury mitigation [13,27]. One computational study
demonstrated that the porous architecture and elastic modulus of horncore bone are
important for distributing stresses over large volumes and increasing the total strain energy
storage capacity of the entire structure [27]. However, this study used quasi-static loading
to model the peak impact force produced during ramming which limits the utility of these

results.

In a more sophisticated computational study, varying skull and horn geometry were
impacted against a deformable plate to simulate idealized ramming collisions [13]. Three
model geometries were compared to investigate how various structures influence energy
storage, stress/strain distributions, and brain cavity accelerations during and post-impact.

In the full model, an anatomically accurate model of the skull/horn geometry was built from



involving shear moduli. The final distribution of mechanical test specimens with respect to

anatomical position for each ram is shown in Table 4-2.

Fractured
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/

Figure 4-7. Failure modes of lap-shear specimens. (a) Interface failure along horn surface
with interfacial tissue still attached to bone (black arrow). (b) Cohesive interface failure
with remnants of interfacial tissue still attached to bone (black arrow) and horn (white
arrow). (c) Failure due to fractured bone adherend (white arrow).

Table 4-1. Final lap-shear specimen dimensions including keratin adherend length (lieratin)
and thickness (tkeratin), bone adherend length (lbone) and thickness (twone) as well as the width,
length, and thickness (WintLs, lintLs, and tintLs, respectively) of the intact interface used in
calculations of stress and strain to determine mechanical properties. Values shown as
mean + standard deviation for each ram (BHS 3-6), and all specimens combined (mean).

Ram ID | ’kerarin tkemtin "bone tbone w int,LS ,int,LS tint,U
3 15.20+£0.25 2.15+0.34 15.25+0.35 2.01+£0.30 5.79 £0.12 5.62 £0.61 0.552+0.248
4 15.18 £ 0.20 2.00£0.25 15.16 £ 0.24 1.85+0.15 5.76 £ 0.08 5.90+0.94 0.867 £ 0.337
5 15.08 £ 0.25 2.08 £0.17 15.16 £0.33 1.91+0.15 5.77 £0.14 6.23+1.04 0.493+0.241
6 15.12+0.16 1.99+0.34 15.26£0.31 1.83+£0.19 5.76 £ 0.08 6.09 +0.87 0.655+0.165
Mean | 15.15+0.21 2.05+0.28 15.21+0.29 1.90+0.21 5.77 £0.10 5.94+£0.85 0.661 +0.286

Table 4-2. Distribution of the anatomical position of lap-shear specimens included in
statistical analyses (grey boxes) for each ram. The triple asterisks (###) indicates the two
samples that failed due to bone adherend fracture which were excluded from statistical
analysis of failure properties (zut, yut, and SED).

Ram ID

Anterior

Posterior
Medial Hokok
Lateral ok ok

Anterior

Distal

Posterior
Medial
Lateral

Proximal

139



Figure 4-10. Histology sections stained with Masson’s Trichrome. Dense horn is stained
yellow, bone is stained red, and the interfacial tissue is an unorganized matrix of collagen
fibers (blue) and keratin fibers (red). (a) Full histology cross section showing horn surface
undulation and porosity where collagen attaches to horn. (b) Increased magnification of
black box region in (a), showing unorganized matrix of collagen (blue) and keratin (red)
fibers. (c) Black box in (b) showing Sharpey’s fibers (black arrows) penetrating bone. (d)
Collagen fiber bundle (black arrow) penetrating several millimeters into horncore cortical
bone.
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Figure 4-11. Histology sections stained with Masson’s trichrome. Dense horn is stained
yellow, mature bone is stained red, and the interfacial tissue is an unorganized matrix of
collagen fibers (blue) and keratin fibers (red). (a) Sectioning tearing artifacts (black
arrows) visible in the horn. (b) Black box labeled ‘b’ in (a) showing keratinized tissue
forming the walls of pores (P) filled with collagen (blue) and trace amounts of keratin (red)
(c) Black box ‘c’ in (a) showing keratinized tissue extensions forming branched structures
(black arrows) within the surrounding interface tissue. Additional pores (P) can also be
seen. (d) Dense network of collagen fibers arranged circumferentially to form a tubular
structure in the bone.

Mix model analysis indicated that interface thickness was significantly higher (p =
.0316) in proximal samples compared to distal samples in transverse histology sections
only (Figure 4-12). Longitudinal position did not have a significant influence on any other
morphometric measurements in transverse sections (p > .1491) or longitudinal sections (p
>.1905). Quadrant was not found to be a significant model effect for any of the measured

properties in transverse sections (p > .2079) or longitudinal sections (p > .1805).
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Histomorphometry data is summarized in Table 4-6 and the results from linear mixed

model analysis is summarized in Table 4-7.
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Figure 4-12. Linear mixed model analysis demonstrated that transverse interface thickness
was higher in proximal samples than distal samples (p = .0316). Data shown as mean *
standard deviation.

Table 4-6. Summarized histology data for longitudinal and transverse sections including
interface thickness (tint), the length ratio (LR), and the area fractions of collagen (At.cor)
and keratin (Afker). Data shown as mean + standard deviation for each ram (BHS 3-6) and
all rams combined (mean). P-values from paired t-tests between morphologic parameters
quantified in longitudinal and transverse sections from the same samples shown in the
bottom row.

Ram ID Orientation ti: [mm] LR [-] As o [%] At ver [%]

Transverse 476.60 + 230.88 8.0+4.0 38.47+13.42 33.90 +7.09
3 Longitudinal 551.11 £ 231.10 28124 47.77 +17.27 23.50 £ 14.62
Transverse 930.35 + 361.47 3.1+1.4 37.20+10.81 32.82+12.88
4 Longitudinal 953.46 + 342.88 2605 43.41+5.72 29.87 £4.72
Transverse 743.98 £ 375.54 2617 45.10 + 15.09 12.24+4.20
> Longitudinal 818.30 £ 561.90 22+1.1 56.48 + 11.64 17.32 £4.07
Transverse 724.57 £ 296.41 3215 48.88+6.84 25.69 +11.31
® Longitudinal 1115.19 + 686.48 35+31 51.69 + 13.28 26.37 £5.99
Transverse 757.22 +343.75 3.8+27 42.20+11.90 25.70 +12.83
Mean Longitudinal 859.52 + 496.67 2819 49.83 +12.64 24.26£9.11

Paired t-test 0.5768 0.3959 0.1242 0.8487
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Table 4-7. P-values from mixed model analysis of histomorphometric results for each
orientation (transverse and longitudinal sections) including interface thickness (tint), the
length ratio (LR), and the area fractions of collagen (Atco1) and keratin (Atker). Significant
values (p < .05) shown in bold.

Orientation Source of Variation  t;,, [um] LR [] At ol [%] A er [%]
Longitudinal Position 0.0316 0.7423 0.1491 0.1988
Transverse
Quadrant 0.2665 0.2079 0.4183 0.5704
N Longitudinal Position 0.1905 0.9397 0.7741 0.3885
Longitudinal
Quadrant 0.1805 0.7162 0.7328 0.7141

4.3.3. Regression Analysis

Regression analysis included all interface samples for which lap-shear properties
and transverse section histomorphometry data was available. Ultimate shear strain was
negatively correlated with the transverse interface thickness (p = .0124, r? = 0.3702; Figure
4-13). Curl length and the transverse length ratio were positively correlated with ultimate
shear strength (p = .0008, r?> = 0.6687), high-strain shear modulus (p = .0101, r? = 0.5072),
and total strain energy density (p = .0016, r? = 0.6289). Finally, curl length, the transverse
length ratio, and the transverse interface thickness were all positively correlated with the
low-strain shear modulus (p = .0210, r? = 0.5421). Estimated model parameters, model
equations, and the overall regression statistics for all final regression models are

summarized in Table 4-8.
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Figure 4-13. Regression model demonstrating negative correlation between ultimate shear
strain and transverse interface thickness.

Table 4-8. Parameter estimates for regression models used to predict mechanical
properties. Independent variables included in the final models included the curl length
(CL) along with the interface thickness and length ratio measured in transverse histology
sections (tin,t and LRy, respectively). Equations presented in the bottom row of each
mechanical property.

Intercept CL [em] tiner (M) LR;[-] Overall Regression
Variable Estimate  Std. Error Estimate Std. Error  Estimate Std. Error  Estimate  Std. Error P p-value
-12.52 2.76 0.171 0.034 0.1557 0.0687
Tue [MPa]
p = .0006 p =.0002 p =.0412
Final Model: Ty = -12.52 + 0.171(CL) + 0.1557(LR;) 0.6687 .0008
1.44 0.10 -0.0003560 0.0001240
Yuit [rad]
p <.0001 p=.0124
Final Model: Yuie = 1.44 - 0.0003560(t;, ) 0.3702 .0124
-0.72 0.29 0.009 0.003 0.0001360 0.0000506 0.0149 0.0071
Glow-strain [MPa]
p =.0286 p =.0180 p =.0198 p =.0561
Final Model: Giow-strain = -0.72 + 0.009(CL) + 0.0001360(t;, 1) + 0.0149(LR,) 0.5421 .0210
G [MPa] -42.73 13.10 0.581 0.159 0.5583 0.3256
b _ctrai a
highstrain p = .0062 p =.0029 p=.1102
Final Model: Ghigh-strain = 42.73 + 0.581(CL) + 0.5583(LRy) 0.5072 .0101
3 -3.49 0.834 0.048 0.010 0.0451 0.0210
SED [MJ/m?]
p =.0012 p = .0004 p=.0512
Final Model: SED =-3.49 + 0.048(CL) + 0.0451(LR;) 0.6289 .0016
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4.4. Discussion

The goal of this study was to quantify the composition, microstructure, and
mechanical properties of the horn-horncore interface in bighorn sheep rams and determine
if these properties vary with respect to position and orientation within the overall horn-
horncore structure. Additionally, statistical modeling was used to explore correlations
between measured properties and identify important structure-function relationships of this
unique interface. The purpose of this work was to better understand the role this interface
plays in load transfer and injury mitigation during bighorn sheep ramming. It was
hypothesized that the horn-horncore interface would have morphological features that
increase the contact area between the horn and horncore bone, and that the increase in
contact area would be positively correlated with the shear strength of the interface. The
inner horn surface displayed an undulated surface with microscopic pores that increase the
contact area between the horn and soft tissue interface. Conversely, the soft tissue interface
is anchored to the bone surface via Sharpey’s fibers. Lap-shear specimens primarily failed
along the inner horn surface, suggesting that the horn-interface connection is weaker than
the bone-interface attachment facilitated by Sharpey’s fibers. The length ratio (LR) —
representing the microscopic contact area between the horn and soft tissue interface — was
positively correlated with many mechanical properties including the ultimate apparent
shear stress, high-strain shear modulus, and strain energy density. These properties were
also positively correlated with horn curl length which may suggest the interface becomes
stiffer and stronger as rams grow older and more actively engaged in combat. The ultimate
strain was not correlated with horn curl length or the length ratio, but was negatively

correlated with the interface thickness; thus, interface failure may be a stain-controlled
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phenomenon dictated by the interface thickness. Despite a markedly different morphology,
the shear moduli of the horn-horncore interface were comparable to the equine laminar
junction. These findings are supportive of the hypotheses and provide insight into the
mechanisms responsible for load transfer between the impacted horn and energy absorbing

horncore during ramming.

This work was limited by a low sample size of four bighorn sheep rams due to
limited availability. Most rams included in this study died from motor vehicle collisions
(BHS 3-5) while one ram was found dead entangled in a fence (BHS 6). It is possible that
some tissue degradation occurred prior to measurement of interface properties, but effort
was made to preserve tissues by freezing as quickly as possible after death. All rams
involved in motor vehicle accidents were frozen within 24 hrs. The exact age and ramming
history of each ram was also unknown. Rams included in this study were estimated to be
5-8 years old using the well documented technique of counting growth annuli visible on
horn surfaces [21]. Furthermore, all rams included in this study had horns with at least
three-quarters of a full curl. Bighorn sheep ramming behavior has been extensively
documented and is most intense among rams 6-8 years old with horns of at least three-
quarters of a full curl [26]. Thus, it is reasonable to assume that all rams included in this
study were actively engaged in combat during the rut. It should also be noted that the shear
properties reported here are not true material properties of the interface tissue. Lap-shear
tests generate a complex stress distribution and generally result in failure from peel forces
that arise due to adherend bending caused by misalignment of the tensile loads applied to
each adherend [27]. As such, the reported shear strength is likely underestimating the true

shear strength of this interface. However, lap-shear testing is valuable due to its simplicity
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and for comparison to previous studies on similar biological interfaces. Another limitation
arose in the preparation of thin histology sections of hard bone and horn tissues.
Decalcification allowed for bone sectioning, however sectioning artifacts and lost samples
remained inevitable. This resulted in a further reduction of the already limited sample size
for histomorphometric characterization. However, the data presented here is still valuable
since this is the first study to quantify the morphology of this interesting biological tissue

interface.

Results from lap-shear testing indicate that mechanical properties are mostly
consistent throughout the horncore and demonstrate non-linear strain stiffening during
loading. The ultimate apparent shear strength in the posterior quadrant was 36% lower than
the medial quadrant, but this difference was marginal (p = .0533, Figure 4-8). All other
mechanical properties were similar regardless of longitudinal position or quadrant (p >
.0703, Table 4-4). A similar study on the equine laminar junction reported similar findings
with minimal regional variation in mechanical properties and non-linear strain stiffening
upon increased deformation. Furthermore, the low-strain and high-strain shear moduli
reported for the laminar junction tested in proximodistal shear were 398 + 312 kPa and
5.38 £ 1.49 MPa, respectively [16]. These mean values are comparable to the low-strain
modulus (154.63 + 95.15 kPa) and high-strain modulus (4.47 + 3.73 MPa) of the bighorn
sheep horn-horncore interface (Table 4-3). Comparison of the ultimate properties
calculated in this work is not possible since the previous study on the equine laminar
junction did not test samples to failure. It should also be noted that comparisons of the
shear moduli are confounded by different equations used to calculate shear strain in each

study. The previous study used the small angle approximation to calculate shear strains
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since laminar junction samples were not tested to failure and experienced less total
deformation. However, the small angle approximation was not justifiable for calculation
of apparent shear strain in this work since horn-horncore interface samples displayed large
total deformations when tested to failure. Regardless, similarities in the calculated shear
moduli and overall shape of the stress-strain curves reported in each study provide
confidence in the results presented here. Despite comparable lap-shear properties,
similarities between the horn-horncore interface and the equine laminar junction were not

as evident when looking at results from histomorphometry.

Histomorphometric analysis revealed that the horn-horncore interface morphology
shares some similarities to other dermo-epidermal junctions studied previously but also
demonstrates some unique microstructural features. Collagen fibers were seen penetrating
the horncore cortical bone surface as Sharpey’s fibers (Figure 4-10c) which have been
identified at the interface between the keratin-rich beak and the underlying bone in avian
species as well [18]. The attachment mechanism between the horn and interfacial tissue is
currently unclear since there was no evidence of fibrous penetration along the horn surface
like the Sharpey’s fibers observed along the bone surface. The inner horn surface displayed
an undulated morphology with microscopic pores. Along the undulated surface, there was
typically a narrow region of keratinized tissue, which was distinguishable from the denser
cornified horn by bright red staining. This keratinized tissue often formed the walls of
microscopic pores with polyhedral shapes that ranged from approximately 50 — 300 um in
diameter, though this was not rigorously quantified (Figure 4-11b). In addition to these
pores, keratinized tissue frequently extended radially inward from the horn surface,

forming branched structures within the collagenous interface (Figure 4-11c). These
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interdigitating structures share some resemblance to the equine laminar junction, with the
main body representing the primary epidermal lamellae and the smaller branches being
analogous to the secondary epidermal lamellae. However, these structures are much less
numerous and consistent than lamellae of the laminar junction. Collagen was often visible
adjacent to keratinized interdigitations and within horn surface pores, either peripherally
(Figure 4-10b) or entirely filling the pore (Figure 4-11b, ¢). The proximity of collagenous
and keratinized tissue throughout this morphology may provide an increased contact area
that facilitates attachment like the lamellar structure of the equine laminar junction.
Furthermore, it is possible that the entanglement of collagen with the undulated and porous
horn surface facilitates a hook and loop style attachment mechanism, with collagen acting
as the loops wrapping around the hook-like walls of horn pores. Empty pores and pores
with collagen only around the perimeter are not supportive of this theory, but these may be
artifacts of tissue processing and histological section preparation. Although the horn-
interface attachment mechanism cannot be determined from this work, it appears to be
weaker than the bone-interface attachment via Sharpey’s fibers since lap-shear specimens
generally failed along the horn surface. Regardless, findings from stepwise regression
support the theory that the increased microscopic contact area provided by the horn surface
morphology reduces local attachment stress magnitudes and promotes efficient load

transfer between the impacted horn and energy absorbing horncore.

Results from the regression analyses showed that the microscopic contact area is
positively correlated with many of the lap-shear properties including lap-shear strength, as
hypothesized. More specifically, the length ratio measured along the inner horn surface

was positively correlated with all calculated mechanical properties that were dependent on
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the calculated shear stress (turt, Glow-strain, Ghigh-strain, SED, Table 4-8). This is indicative of
lap-shear specimens with larger length ratios achieving higher ultimate loads during testing
since apparent shear stress was calculated using the nominal contact area, which was
similar across specimens. This finding supports the suggestion that the increased contact
area provided by the morphology of the horn surface is beneficial for reducing local stress
magnitudes during loading. Furthermore, the ultimate apparent shear strain was not
dependent on the length ratio which may suggests strain-controlled failure of the interface.
With that said, it is interesting that the ultimate apparent shear strain was negatively
correlated with interface thickness (Figure 4-13), since thicker interfaces would be
expected to deform more prior to failure. It is possible that this result is a consequence of
the lap-shear testing method as thicker interfaces would lead to larger misalignment of
applied forces, thereby increasing adherend bending and associated peel forces acting on
the interface. Another interesting finding is the positive correlation between mechanical
properties and horn curl length. This may suggest that the interface becomes stiffer and
strong as rams grow older and larger and become more actively engaged in ramming during
the rut. However, a larger sample size would be needed to draw any conclusions from this
result. Regardless, these findings provide an improved understanding of the composition,
microstructure, and mechanical properties of the horn-horncore interface and offer insight

into the role this structure plays in load transfer during ramming.

Results from this work have demonstrated that the horn-horncore interface has a
unique morphology that contributes to non-linear strain stiffening under shear loading.
Despite morphological differences compared to the equine laminar junction, the

microscopic porosity and branching interdigitations of the keratinized horn surface also
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increase the microscopic contact area of the interface. Positive correlations between the
microscopic contact area and lap-shear properties of this interface support the theory that
the increased contact area is beneficial for reducing local stress magnitudes and promoting
efficient load transfer between the impacted horn and energy absorbing horncore.
Considering the role horncore bone plays in energy absorption and reduction of brain cavity
accelerations during ramming, these findings have implications for brain injury mitigation
in bighorn sheep. Moving forward, these results can be used to improve computational
models of bighorn sheep ramming which have previously modeled this interface as a rigid
attachment. Additionally, findings presented here can be used to guide additional
experimental work at smaller and larger length scales to further improve our understanding

of this intriguing interface.
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