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The equine hoof wall has outstanding impact resistance, which enables high-velocity gallop over hard
terrain with minimum damage. To better understand its viscoelastic behavior, complex moduli were de-
termined using two complementary techniques: conventional (~5 mm length scale) and nano (~1 pm
length scale) dynamic mechanical analysis (DMA). The evolution of their magnitudes was measured for
two hydration conditions: fully hydrated and ambient. The storage modulus of the ambient hoof wall was
approximately 400 MPa in macro-scale experiments, decreasing to ~250 MPa with hydration. In contrast,
the loss tangent decreased for both hydrated (~0.1-0.07) and ambient (~0.04-0.01) conditions, over the
frequency range of 1-10 Hz. Nano-DMA indentation tests conducted up to 200 Hz showed little frequency
dependence beyond 10 Hz. The loss tangent of tubular regions showed more hydration sensitivity than
in intertubular regions, but no significant difference in storage modulus was observed. Loss tangent and
effective stiffness were higher in indentations for both hydration levels. This behavior is attributed to the
hoof wall’s hierarchical structure, which has porosity, functionally graded aspects, and material interfaces
that are not captured at the scale of indentation. The hoof wall’s viscoelasticity characterized in this work
has implications for the design of bioinspired impact-resistant materials and structures.
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Statement of significance

The outer wall of horse hooves evolved to withstand heavy impacts during gallop. While previous studies
have measured the properties of the hoof wall in slowly changing conditions, we wanted to quantify its
behavior using experiments that replicate the quickly changing forces of impact. Since the hoof wall’s
structure is complex and contributes to its overall performance, smaller scale experiments were also per-
formed. The behavior of the hoof wall was within the range of other biological materials and polymers.
When hydrated, it becomes softer and can dissipate more energy. This work improves our understand-
ing of the hoof’s function and allows for more accurate simulations that can account for different impact
speeds.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The equine hoof wall is a keratinous structure that evolved un-
der impact loading and thus has attracted interest in the field of
bioinspiration. Researchers have achieved improved fracture tough-
ness and crashworthiness from structures inspired by the hoof wall
[1-4]. However, the role of viscoelasticity in its mechanical func-
tion has been less extensively studied. Like other non-mineralized
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biological materials, the hoof wall exhibits notable viscoelastic be-
havior such as strain-rate sensitivity, stress relaxation, and creep
[4-6]. These experiments offer insights into the material behavior
under quasistatic or slowly changing conditions, but further char-
acterization is needed for the dynamic response at shorter time
scales that are relevant to impact loading. In this paper, the lin-
ear viscoelastic properties of the hoof wall are characterized by dy-
namic mechanical analysis (DMA) accounting for hydration, loading
direction, and structural scale.

DMA is a common technique for characterizing the viscoelastic
properties of polymers, gels, elastomers, and biological tissues [7-
11]. This method works by applying an oscillatory stress or strain
and measuring the phase lag (§) in the material’s response. The
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Fig. 1. Hierarchical structure of equine hoof wall.

stress-strain relationship under this loading can be described by
the complex modulus (E*), defined by:

E*=F +iE’ (1)
where the storage modulus (E’) represents the material’s ability to
store energy elastically and the loss modulus (E”) represents the
material’s energy dissipation through viscous flow. They are de-
fined as:

E = Z—gcos (8) (2)
n_ 00
E" = 8—2 sin (3) (3)

where 0 and ¢ are the stress and strain amplitudes, respectively.
The magnitude of the complex modulus, |E*|, represents the ma-
terial’s stiffness or Young’s modulus and the loss tangent (tan(d))
is the ratio of the loss modulus to the storage modulus, indicating
the relative contributions of viscous and elastic behaviors [12,40].
In nano-DMA, an oscillatory load is applied by an indenter, and
the resulting force-displacement response is measured. The com-
plex modulus is a function of the contact stiffness, phase lag, and
indenter geometry [13].

Using DMA, the hoof wall’'s dynamic properties can be quan-
tified for loading rates comparable to a typical impact with the
ground. Based on acceleration measurements from the hooves of
trotting horses, the impact velocity is 1-6 m/s [14,15] and the du-
ration of contact with the ground is 200-300 ms [15]. Taking the
inverse of contact duration, the frequency of the stress wave im-
parted during impact can be estimated as 3.3-5 Hz. For a full gal-
lop, this increases to 6.7-13.3 Hz [16] making 10 Hz a reasonable
upper bound for dynamic frequency measurements. The frequency
sweep data from macroscale DMA (1-10 Hz) and nano-DMA (1-
200 Hz) should therefore capture most of the relevant viscoelastic
behavior for in vivo deformation. Impact also results in vibrations
of much higher frequencies (200-600 Hz) [17] but the response
in this range must be inferred from lower frequency tests due
to equipment limitations. This dynamic response will improve fi-
nite element studies of the hoof wall, which previously used linear
elastic and hyperelastic models based on quasistatic experiments
[18-21].

The damping characteristics of the hoof wall need to be studied
in the context of its hierarchical structure (Fig. 1). The hoof wall
is made of «-keratin [22], which is composed of an amorphous
protein matrix and crystalline intermediate filaments (IFs) about
7 nm in diameter [23]. Cells, containing aligned bundles of IFs
or macrofibrils, combine to form lamellae with a thickness of 5-
15 um [24]. The lamellar structure is populated with semi-hollow
elliptical tubules, parallel to the outer surface of the hoof wall or
longitudinal direction. The tubular region consists of the tubule
wall, formed by 7-10 concentric cortical lamellae, and the central
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medullary cavity, which is partially filled by tissue and bridging
structures [4,24,25]. The intertubular region refers to the remain-
ing parallel lamellae between tubules [24,26]. Tubules vary in size
and density depending on their location along the hoof wall thick-
ness or radial direction, resulting in a functionally graded structure
[27,28]. Those near the exterior of the hoof wall, or stratum exter-
num, have a density of 15 mm™ and a major diameter of 245 um.
The density and diameter decrease to 5 mm™ and 200 pm near
the interior, or stratum internum. Tubule medullary cavities vary in
diameter from 36 to 70 pm resulting in a porosity of about 3-4 %,
but the overall porosity of the material increases to ~8 % when
nano-sized pores are considered [24,25,28]. Because of its hetero-
geneity, the hoof wall is divided into medial, toe, and lateral sec-
tions along its curvature or circumferential direction. Most studies
on the mechanical properties of the hoof wall, including this work,
use samples from the toe region due to its superior stiffness, larger
thickness for collecting samples, and more direct comparison to
prior research.

In a living horse, the hoof wall tissue at the stratum internum
is directly exposed to body fluids while the material near the stra-
tum externum is exposed to the ambient air and is relatively dry
by comparison. These conditions create a hydration gradient in the
same direction as the morphological gradient of the tubules. Re-
searchers typically control the water content of hoof wall sam-
ples since mechanical properties are known to vary with hydration.
When fully hydrated, the hoof wall is up to 35 times more com-
pliant than in a dry state [26]. Likewise, creep and relaxation tests
revealed a general increase in viscous effects with additional hy-
dration [4]. Exact in vivo hydration levels are unknown but based
on measurements from harvested samples, the outer ambient ma-
terial is about 17-24 % water by weight. When fully hydrated, like
the material at the stratum internum, the water content increases
to 30-40 % [27].

In this work, nano-DMA and DMA compression tests at dif-
ferent loading directions and hydration levels give information on
the relationship between the hierarchical structure and mechanical
properties that can inform the design of impact resistant materials
inspired by the hoof wall.

2. Methods

Hooves from five deceased Quarter Horses were provided by
the University of Illinois Urbana-Champaign and University of Cal-
ifornia, Davis veterinary medicine departments. For each animal,
all four hooves were removed above the ankle and refrigerated for
less than 48 h before being frozen at —20 °C. The hooves were
cut below the coronary band and separated from the frog and
sole with a bandsaw before removing the hoof wall with a knife.
All samples came from the toe region of the stratum medium as
shown in Fig. 2. The longitudinal (L), radial (R), and circumferential
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Fig. 2. Front view of hoof wall showing sample orientations. The longitudinal direc-
tion is parallel with the hoof's outer lateral surface. The radial direction is normal
to the hoof’s surface and points in the thickness direction. The circumferential di-
rection points along the curvature of the hoof wall.

(C) directions are used to describe sample orientation, as well as
the loading direction of the experiment.

Fully hydrated samples were tested underwater and submerged
at least four days prior to the test. Ambient samples were tested
in the ambient conditions of the laboratory (27-40 % relative hu-
midity) and never hydrated. After testing, samples were dried in an
oven at 101 °C until their weight reached a constant value ensuring
that most of the water in the samples had evaporated. The water
content by weight was calculated by comparing the weight of dry
samples to their weight during testing. Ambient samples had a wa-
ter content of 18 &+ 3 % while fully hydrated samples had a water
content of 35 + 4 %.

2.1. DMA

Cylindrical DMA samples, approximately 5 mm in diameter and
7 mm height, were extracted from the hoof wall of two horses
with a core drill bit. The axes of the cylindrical samples were par-
allel to the intended loading direction (L or R). The ends were
polished to ensure suitably flat and parallel faces for DMA com-
pression. After discarding samples with defects or incorrect di-
mensions, the remaining were randomly assigned to either fully
hydrated or ambient hydration levels making four experimental
groups, each with at least 5 samples.

Sinusoidal compressive loading was applied using a Bose Elec-
troforce 3200 dynamic mechanical analyzer (TA Instruments, New
Castle, DE, USA). All tests were performed under load control to
avoid losing contact with the sample. First, an amplitude sweep
at a constant frequency of 1 Hz was performed to ensure sam-
ples remained in the linear viscoelastic region. Based on amplitude
sweeps of hydrated and dry samples, a dynamic amplitude of 30 N
was chosen for all experiments. At this amplitude, the strain did
not exceed 0.01 for any sample. Samples were then tested under a
frequency sweep from 1 to 10 Hz. This range was chosen to avoid
resonances in the machine-sample system at higher frequencies,
which is a common source of error in DMA [29]. Preliminary ex-
periments on a wider frequency range (5-200 Hz) encountered er-
ror due to resonance above 25 Hz.

2.2. Nano-DMA

Longitudinal strips were extracted from the hoof walls of three
horses with a band saw. About 5 mm tall samples were cut us-
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ing a diamond sectioning saw (Isomet 1000, Buehler, Lake Bluff, IL,
USA) so that the indenting direction was along the longitudinal di-
rection. Sample surfaces were polished using a speed grinder with
sandpapers ranging in roughness from 30 pm to 1 pm. A finer sur-
face polish was performed using a Syntron vibratory polisher with
50 nm alumina powders in fluid overnight. After polishing, sam-
ples were randomly assigned to either ambient or fully hydrated
conditions.

The Hysitron TI-950 Triboindenter (Bruker, Billerica, MA, USA)
was used to perform nano-DMA in frequency sweeping mode with
a Berkovich tip. The nano-DMA transducer was calibrated by in-
denting the tip in the air. “H” pattern indentation was performed
on an aluminum foil to calibrate optics and probe offset. The tip
area function was calibrated with a standard quartz sample with a
known elastic modulus. After completing all the calibration, sam-
ples were mounted onto a steel holder using super glue.

To perform indentation in fluid, samples were first glued to the
middle of a Petri dish using a cyanoacrylate-based glue. Deion-
ized (DI) water was then gently poured into the Petri dish using a
pipette until the horizontal level of DI water was ~2 mm above the
sample surface. Calibration and experiments at the fully hydrated
level were performed underwater. Due to the light scatter, a 15 mN
setpoint was applied to ensure the tip could approach the sample
surface. A 2 min dwell time was performed to reduce tip drifting
due to vertical movement in fluids. A 10 mN preload followed by a
500 mN load with a rate of 100 mN/s was applied for both inden-
tation levels to ensure indenting was performed at a depth of at
least 200 nm inside the sample surface, allowing more direct com-
parison to previous indentation experiments [5]. Then, after a 2 s
quasi-static dwell time, the probe started the oscillations, sweeping
the frequency from 1 to 200 Hz at 20 intervals. For each hydration
level, six samples were indented in three tubular regions and three
intertubular regions. Indentation locations were selected arbitrarily
but remained in the center of the hoof wall thickness rather than
near the stratum internum or stratum externum.

2.3. Statistical methods

A four-way analysis of variance (ANOVA) was employed to de-
termine which variables had a significant effect on the measure-
ments of complex moduli. Barlett’s test was used to verify homo-
geneity of variance within each group, an assumption of ANOVA.
Results of the analysis are shown in Table 1 to quantify the signif-
icance and effect size of each factor.

3. Results and discussion
3.1. DMA

Frequency sweep results for macroscale DMA are shown in
Fig. 3a and b. With increasing frequency, the storage modulus in-
creased while the loss tangent decreased. The hoof wall therefore
behaves more elastically at higher loading frequencies, mirroring
the behavior observed in prior tension DMA experiments on hair
[30].

Results from nano-DMA illustrate how the effective stiffness of
the hoof wall tends to increase at smaller scales as pointed out by
[31]. For the frequencies shared between the two methods, both
loss tangent and storage modulus measured from indentation were
higher than those given by compression. The contact area for the
indenter was around 1 pm? so the additional compliance intro-
duced by cell boundaries, lamellar interfaces, and tubule porosity
was not captured leading to an order of magnitude higher mea-
sured storage modulus. These results also indicate that the inter-
faces behave more elastically than the rest of the material, re-
sulting in reduced damping at the macroscale. Indentations may
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Fig. 3. Frequency sweep results for macroscale (a and b) and indentation (¢ and d) dynamic mechanical analysis of hoof wall material. Error bars refer to standard deviation.
Data is aliased on the x-axis to avoid overlapping markers. L and R refer to longitudinal and radial directions, respectively.

also test an area that has a higher fraction of matrix compared to
macroscale experiments that causes more sensitivity to hydration.

Hydrated hoof wall samples had lower storage and loss moduli
with loss tangents 2-4 times higher than those tested in ambient
air. The compliance of hydrated samples matches the trends
observed in quasistatic tests [4,5,27]. The primary mechanism for
the reduction in stiffness in hydrated «-keratins is believed to be
the breaking of hydrogen bonds in the keratin matrix by water
molecules [32]. The matrix has a similar composition to IFs but
is more sulfur-rich with higher cysteine content [33]. Rather than
forming a highly crosslinked and crystalline structure like the IFs,
the matrix is amorphous and held together by hydrogen bonds
that break when surrounded by the highly polar water molecules
[32,34]. This theory also explains the increased ductility and shape
memory properties of hydrated keratins since the molecules of
the matrix are free to break and switch hydrogen bonds [35]. The
significantly higher loss modulus observed in hydrated samples is
likely the result of non-conservative forces between molecules as
they move past one another. The viscoelastic properties of IFs are
unknown, but most evidence suggests that the pressure from the
surrounding matrix constrains them from swelling and absorbing
water [36,37]. Therefore, the increase in the hoof wall’s viscous
behavior in the fully hydrated condition is attributed to molecular
changes in the matrix alone.
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The insensitivity of IFs to hydration can explain the observed
differences between the loss tangents of tubular and intertubu-
lar regions in nano-DMA experiments shown in Fig. 3c. Accord-
ing to birefringence measurements on the inner hoof wall, the IF
content of both regions are close [38], but subsequent TEM mea-
surements have indicated the IF volume fraction in the intertubular
area (32 %) is larger than that of the tubular area (21 %) [5]. The
properties of the tubule wall should be more sensitive to hydration
if it has a lower fraction of IFs which matches our observations for
loss tangent seen in Fig 3c. The tubular region had a higher loss
tangent than the intertubular material only when fully hydrated.
Huang et al. observed a similar effect in the reduced moduli of
the two regions measured with nanoindentation. Specifically, the
tubular region was stiffer than the intertubular material when dry
but more compliant when hydrated [5]. No significant difference
between the storage modulus of the two regions was detected in
this study. The comparison between storage moduli measurements
and reduced moduli from previous work is not straightforward but
both yielded similar values. for the elastic stiffness.

The loss tangent was lower in the radial direction for all fre-
quencies of macroscale experiments. One might assume this is due
to fiber orientation since IFs are expected to behave more elasti-
cally than the matrix [30]. If there was a preferred orientation of
IFs in the hoof wall, any difference between the damping prop-
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erties of IFs and the matrix would create anisotropy; however,
the alignment of fibers is complicated and varies with location.
Tubules are surrounded by concentric lamellae with alternating
helically wound fibers at angles ranging from 9° to 68° from the
tubule axes. For the intertubular material, fiber orientation changes
along the radial direction. Near the stratum internum, intertubular
fibers are perpendicular to the tubules but transition to be almost
parallel to the tubules near the outer surface of the hoof wall [24].
Therefore, in the macroscopic samples tested in these experiments,
which spanned almost the entire thickness, there is no obvious
source of anisotropy due to fiber alignment.

The directional porosity of the tubules aligned in the longitudi-
nal direction is also expected to have no effect on the loss tangent.
Cellular solids can be modeled as a two-phase material with one
phase consisting of empty space. The loss tangent of a cellular solid
is the same as the solid material from which it is made [39,40].
This is true for both foams with random porosity and highly orga-
nized porosity such as honeycomb structures or the tubules in the
hoof wall.

The difference in loss tangent cannot be explained by fluid flow
within tubules either. If additional damping from fluid flow had a
significant effect, the loss tangent of the radial direction would be
higher since it is closer to the case of an open cell foam where
energy can be dissipated by the movement of fluid through pores
as opposed to longitudinal tests in which flow is restricted by the
compression platens [41].

The tubules do, however, create anisotropy in stiffness leading
to the lower storage moduli seen in the radial samples. In qua-
sistatic tests, the hoof wall had the lowest stiffness in the radial di-
rection at all hydration levels due to collapse of tubules along their
minor axis [5,42]. Because of the tubule’s orientation, the hoof wall
behaves closer to a Voigt composite in the longitudinal direction
and a Reuss composite in the radial direction. Similarly, the orien-
tation of the tubules could create anisotropic damping, since the
tubule wall and intertubular material exhibit different loss tan-
gents. However, when the correspondence principle is applied to
the Voigt and Reuss bounds, the hydrated material would have a
higher loss tangent in the radial direction, which contrasts with
observed results. Other features of the hoof wall may contribute to
its anisotropy in damping such as the “waviness” of tubules. When
they are compressed longitudinally, the wavy structure forces the
tubules into bending or buckling deformation modes that could re-
sult in additional friction and damping that is not present during
radial compression [42].

Previous research has demonstrated the effectiveness of the
Generalized Maxwell model or Prony series in modeling the re-
laxation behavior of the hoof wall [4] and hair [30]. The paral-
lel Maxwell elements in the model exhibit distinct time constants
that are thought to represent the timescales of relaxation for dif-
ferent structural features within the hoof wall. Prony series models
fitted to the dynamic frequency data presented in this work are
unable to reproduce the relaxation curves from previous studies
because of the large difference in strains between the two meth-
ods. Compression DMA was performed at < 1 % strain while re-
laxation experiments were done at strains of 10 % or larger. Linear
models such as Prony series are generally applicable over a small
range of strains due to nonlinearity and plasticity that can occur in
large deformations. In vivo measurements of hoof surface strains
consistently report values well below 1 % [21,43,44]. Therefore, a
Prony series is adequate for most finite element studies of hoof
wall deformation. However, it is important to note that for more
specialized investigations involving anisotropy, localized deforma-
tion, fracture, and cumulative damage, advanced nonlinear models
may be required. A more detailed discussion on fitting viscoelastic
models to the experimental data presented here can be found in
the Appendix.
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Fig. 4. Stiffness-loss map with results from macroscale DMA compression on hoof
wall samples. Data taken from [30,48-52].

3.2. Statistical analysis

Results of the ANOVA are presented in Table 1. The P values
represent the probability of making the given measurements if the
factor has no effect on the property. If the P value is below the
significance level of 0.05, then that factor has a statistically signif-
icant effect on the measured property. 7712, is the proportion of the
observed variation that can be explained by a given factor when
accounting for all other variables in the model. Values above 0.14
are typically considered a large effect [45].

In addition to the factors previously discussed (hydration, load-
ing direction, indentation location, and frequency), the ANOVA al-
lows us to study the effect of variation between individual horses.
Interestingly, the effect is low to medium in macroscale samples
but undetectable in nano-DMA. This could be due to large varia-
tion in the results that reduce the power of the test.

3.3. Implications for impact resistance

The hoof wall, like all biological materials, is multifunctional,
and evolved under many constraints that may not be present in
engineering applications including thermal management, weight,
limited constituent materials, and self-assembly. Its evolution has
involved navigating various tradeoffs in mechanical performance
that are manifested in substructures like layers, cells, and tubules,
which enhance toughness at the expense of stiffness and strength
[31].

The viscoelastic nature of the hoof wall introduces further
trade-offs, especially in the context of impact resistance. This can
be visualized by the stiffness-loss map depicted in Fig. 4, where
a constant loss modulus is represented by a diagonal line. Ma-
terials with a high loss modulus (top right of Fig. 4) are de-
sirable for attenuating vibrations because they can dissipate the
most energy [40]. Meanwhile, materials with high loss tangents
and low stiffness such as elastomers, generally reduce impact force
[46]. However, under a mass or volume constraint, they are not
necessarily best for protection from impact since a thin, compli-
ant buffer would densify, offering no further benefit. Analytical
studies have also highlighted the advantage of viscoelastic damp-
ing in reducing the maximum force experienced during impact.
In a 1-dimensional buffer, a tan(§) of 1 provides optimal force
reduction [47].
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Table 1
ANOVA results.
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Macroscale DMA tan(d) Storage Modulus

Factor P n P n
Hydration < 0.001" 0.855 < 0.001* 0.433
Orientation (L or R) < 0.001* 0.140 < 0.001 0.170
Frequency < 0.001* 0.333 0.010* 0.025
Animal < 0.001* 0.082 0.023* 0.020
Nano-DMA tan(§) Storage Modulus

Factor P n P n
Hydration < 0.001* 0.914 < 0.001* 0.557
Location (Tubular or Intertubular) < 0.001" 0.106 0.131 0.002
Frequency 0.024 0.004 0.010 0.005
Animal 0.823 < 0.001 0.150 0.003

* Signifies a statistically significant result (P < 0.05).

From Fig. 4, it is clear the properties of the hoof wall do not
maximize vibration attenuation or force reduction compared to
other biological materials. Interestingly, the complex moduli of
the ambient hoof wall are very close to measurements on tra-
becular bone [51], a material with a comparable mechanical func-
tion. Tension DMA on hair, which has a similar composition but
very different microstructure, yielded larger storage modulus and
loss tangent than ambient hoof wall material. Alignment of all
fibers in the direction of loading accounts for the superior stiff-
ness, but the exact values of complex moduli also seem to differ
based on the specific structure and composition of the material.
The loss tangent of human hair was greater than that of horsehair
by more than a factor of 2 at the same frequency and hydration
[30].

Ultimately, the hoof wall should not be considered an optimal
material for protection from impact loading. Instead, it demon-
strates a balance of stiffness and damping that is suitable for the
survival of the organism. In addition to vibration attenuation and
force reduction, a hoof wall must be durable, resistant to fracture,
and have sufficient stiffness and compressive strength to support
the weight of the animal. This unique combination of mechanical
properties is achieved through its hierarchical organization, which
modulates the effective properties at the macroscale with respect
to those of the constituent materials. Some structures even exhibit
multiple mechanical functions. Tubules, for example, reinforce the
longitudinal direction [5], deflect incoming cracks [4], and absorb
energy through reversible buckling and collapse of the medullary
cavity [42]. Because of this multifunctionality and complexity, re-
searchers must isolate and abstract individual structural mecha-
nisms when developing bioinspired materials.

One such abstraction that should be considered for bioinspi-
ration is functional gradation. The hoof wall has several features
that vary along the radial direction such as IF volume fraction,
tubule size, tubule density, stiffness, damping, and hydration. The
convergence of these features on the same design motif indi-
cates that there was evolutionary pressure to create a functionally
graded structure. Spatially varying mechanical properties and mor-
phology are not only prominent in the hoof wall, but also occur
in other natural structures like bamboo [53] and horns [54]. Re-
searchers have improved the performance of energy absorbing ma-
terials with gradients of stiffness [55,56] and porosity [57]. Func-
tional gradients can be achieved by varying several factors includ-
ing material composition, density, and architecture. The mecha-
nisms of functionally graded structures differ by material and de-
sign but in the case of the hoof wall, the gradient in properties
likely improves its resistance to localized impacts. The stiff exte-
rior can resist local deformation, effectively spreading the contact
area with the compliant hydrated material and reducing the reac-
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tion stress transmitted to the soft tissue of the lamina. This work
demonstrates there is also a significant gradient in damping that
may contribute to dissipating energy and attenuating vibrations
during impact to protect internal structures.

3.4. Limitations

Our study has several limitations that should be noted. First,
the number of samples was limited due to the difficulty of obtain-
ing equine hoof wall samples for mechanical testing. All samples
used in this study were extracted from the hooves of a few indi-
vidual horses. Significant variation is present between individuals,
so more experiments are needed to determine the typical material
behavior of the equine hoof wall. Meanwhile, the effects of age,
weight, sex, and other factors on mechanical properties remain un-
known. Moreover, the complex moduli presented in this work only
apply to the linear viscoelastic region. Further characterization re-
quires experiments at large deformations.

4. Conclusions

The equine hoof wall exhibits impressive mechanical perfor-
mance and durability under impact loading. Previous research has
examined the hoof wall’s mechanical properties and hierarchical
structure but lacks information on dynamic properties relevant to
the loading rates experienced in vivo. This work characterized the
linear viscoelastic behavior of the hoof wall with DMA and nano-
DMA, resulting in the following conclusions:

1. Hydration, loading orientation, frequency, and animal all had
a detectable effect on complex moduli. Hydration had the
strongest effect in both macroscale and nano-DMA experiments.

. The loss tangent of tubular regions was more sensitive to hy-
dration than that of intertubular regions indicating a higher IF
volume fraction in the intertubular material.

. Nano-DMA resulted in higher effective stiffness and damping
than macroscale experiments. The disparity is attributed to in-
terfaces and pores not captured by nano-DMA and a difference
in the IF volume fraction.

. Radial compression resulted in lower storage moduli and loss
tangents compared to the longitudinal direction. The oriented
porosity of tubules is expected to create anisotropy in stiffness,
but the source of anisotropic damping remains unclear.
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Appendix
Linear viscoelastic models calibrated with low-strain data

should be sufficient for most applications to equine biomechan-
ics. The following appendix discusses fitting a Generalized Maxwell
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model to the experimental data presented in this work. The Gener-
alized Maxwell model, or Prony series, is a simple linear viscoelas-
tic model available in most FEA software that can be represented
by a spring in parallel with N Maxwell elements where N is the
number of terms in the Prony series. For these models, the relax-
ation modulus can be written as:

N
E(t)=Ex+ ) Ee/
i=1

(1-A)

A Prony series with two Maxwell elements fits the macroscale
DMA data well; however, if we wish to model behavior for a larger
range of timescales and loading rates, other experiments should be
considered. Relaxation tests in the longitudinal direction were per-
formed on ambient hoof samples with identical geometry to those
used in DMA compression experiments. The samples were com-
pressed in the longitudinal direction at a strain rate of 102s! to a
strain of 2.5 % and 5 % and held for 120 s. At these small strains
the relaxation behavior is linear, i.e., the relaxation modulus does
not depend on strain level as shown in Fig. A-1(a).

Prony series were fit to experimental stress relaxation and DMA
compression data in the longitudinal direction using MCalibration
software [58]. Relaxation, storage modulus, and loss modulus had
equal weight in the Normalized Mean Absolute Difference (NMAD),
which was minimized during fitting. Fig. A-1 (b-c) shows the Prony
series predictions after fitting along with the experimental data.
With 5 or more terms, the full behavior is captured with low error
(NMAD < 5). The models tend to underpredict storage modulus
and overpredict loss modulus but well within the variation seen
from experiments. The fit is improved by additional elements with
diminishing returns after about 5 terms.
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Fig. A-1. (a) Relaxation modulus of ambient samples compressed to 2.5 % and 5 % strain. (b-d) Experimental data for the ambient condition fitted to Prony series models.

Prony-N refers to a Prony series with N terms.
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More advanced models can be applied to the data presented
here. Specifically, models accounting for nonlinearity at large de-
formations, anisotropy, and damage would provide the most accu-
rate representation of hoof wall material behavior.
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