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ABSTRACT

The horse hoof wall exhibits exceptional impact resistance and fracture control due to its unique hi-
erarchical structure which contains tubular, lamellar, and gradient configurations. In this study, struc-
tural characterization of the hoof wall was performed revealing features previously unknown. Prominent
among them are tubule bridges, which are imaged and quantified. The hydration-dependent viscoelas-
ticity of the hoof wall is described by a simplified Maxwell-Weichert model with two characteristic re-
laxation times corresponding to nanoscale and mesoscale features. Creep and relaxation tests reveal that
the specific hydration gradient in the hoof keratin likely leads to reduced internal stresses that arise
from spatial stiffness variations. To better understand realistic impact modes for the hoof wall in-vivo,
drop tower tests were executed on hoof wall samples. Fractography revealed that the hoof wall’s rein-
forced tubular structure dominates at lower impact energies, while the intertubular lamellae are domi-
nant at higher impact energies. Broken fibers were observed on the surface of the tubules after failure,
suggesting that the physically intertwined nature of the tubule reinforcement and intertubular matrix
improves the toughness of this natural fiber reinforced composite. The augmented understanding of the
structure-mechanical property relationship in dynamic loading led to the design of additively manufac-
tured bioinspired structures, which were evaluated in quasistatic and dynamic loadings. The inclusion of
gradient structures and lamellae significantly reduced the damage sustained in drop tower tests, while
tubules increased the energy absorption of samples tested in compact tension. The samples most similar
to the hoof wall displayed remarkably consistent fracture control properties.

Statement of significance

The horse hoof wall, capable of withstanding large, repeated, dynamic loads, has been touted as a candi-
date for impact-resistant bioinspiration. However, our understanding of this biological material and its
translation into engineered designs is incomplete. In this work, new features of the horse hoof wall
are quantified and the hierarchical failure mechanisms of this remarkable material under near-natural
loading conditions are uncovered. A model of the hoof wall's viscoelastic response, based on studies
of other keratinous materials, was developed. The role of hydration, strain rate, and impact energy on
the material’s response were elucidated. Finally, multi-material 3D printed designs based on the hoof’s
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meso/microstructure were fabricated and exhibited advantageous energy absorption and fracture control
relative to control samples.
© 2022 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

Naleway et al. [1] identified eight key design motifs that com-
monly occur in structural biological materials. These include su-
ture, tubular, fibrous, layered, cellular, helical, overlapping, and gra-
dient structures. Nearly all of these structural elements are found
in the horse hoof wall, which shows remarkable impact resistance
and fracture control properties. These arrangements exist in a hier-
archical assembly, meaning they are exhibited on multiple length
scales. While nature’s intricate hierarchical designs are still out-
side of engineers’ grasp, these types of configurations often bear
more finely tuned mechanical properties, such as improved en-
ergy absorption, higher toughness, and selective anisotropy [2]. The
hoof wall also contains several other key design features that have
proven vital for beneficial mechanical properties, including a com-
posite nature, viscoelastic behavior, and unique porosity distribu-
tions.

The hierarchical structure of the equine hoof wall can be seen
in Fig. 1. On the mesoscale, the hoof wall contains tubules that
are approximately 40-100 um in diameter [3]. The shape, size,
and density of the tubules vary through the thickness of the hoof,
gradually becoming more elliptical, smaller in cross-section, and
more densely packed closer to the exterior of the hoof wall [4,5].
These tubules have a mostly hollow medullary cavity at the cen-
ter, which is surrounded by a stiffer tubule wall. The wall is made
of helical lamellae composed of thin pancake-shaped cells filled
with nanoscale keratin intermediate filaments (IFs) [6,7]. The IFs
are crystalline and act as fiber reinforcement for the hoof wall.
Huang et al. [8] observed thin “bridges” within the medullary cav-
ity but did not extensively study these structures. The tubules
are embedded in a softer matrix composed of irregular, polygo-
nal, keratin-filled cells [8]. These cells form lamellae that generally
run orthogonally to the tubule axis but can also vary in orienta-
tion throughout the hoof wall [9]. The surfaces of the cells that
compose these lamellae are sutured, providing increased mechan-
ical stability through physical interlocking of the ridged interfaces.
The hoof wall also contains a gradient in stiffness from the exte-
rior of the hoof wall to the interior (near the living tissue) that
arises from a hydration gradient, changes in reinforcement (from
the tubule arrangement), and possibly variations in the IF density
[5,9-11].

Multiple studies have explored the mechanical properties of
the hoof wall and uncovered intriguing structure-property rela-
tionships. The tubules, with their anisotropic intertubular lamel-
lae, have been reported to deflect cracks, increasing fracture tough-
ness and providing the hoof a degree of crack path control [7,12].
Kasapi and Gosline [9,12] noted tubule pullout during tensile tests
but suggest that crack deflection is the primary energy dissipative
role of the tubules. Further, they postulate that IF orientation dom-
inates crack propagation in the hoof wall and nearly always causes
cracks to deviate away from the interior of the hoof, confirming the
previous compact tension results of Bertram and Gosline [7]. Like
other keratinous materials [8,11,13-20], the mechanical properties
of the horse hoof are highly susceptible to hydration and strain
rate. Bertram and Gosline [6] measured an approximately 36-fold
increase in tensile elastic modulus between samples held in a 100%
and 0% relative humidity environment. Kasapi and Gosline [12] ob-
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served a 3-fold increase in elastic modulus between tensile sam-
ples tested at a strain rate of 1.6 x 103 s=! and 70 s~1.

Despite the extensive research on the hoof wall's mechanical
properties there are still numerous knowledge gaps. Many of the
previous studies on the hoof wall’s fracture control properties have
focused on samples tested in tension [3,6,7,9,12]. While this can
yield valuable results the primary loading mode of the hoof is in
compression. Furthermore, nanoscale keratin experiences a tran-
sition from alpha helices to beta sheets when loaded in tension
[21-24] but this has never been reported in compression. Of the
studies that have utilized compressive tests, they have either been
performed with a single cross-head speed [5,10] or used narrow
or less precise hydration ranges [8,10]. Only two studies have ex-
plored the hoof’s response to non-quasi-static strain rates. Kasapi
and Gosline [12] used a compact tension arrangement with the
cross-head attached to a pendulum to generate tensile strains of
~70 s~1, while Huang et al. [8] used a split Hopkinson pressure bar
to attain strain rates of ~1000 s~!. Neither of these tests provide a
realistic impact scenario for what the horse hoof would experience
in-vivo.

Several researchers have designed engineered structures with
enhanced mechanical properties based on the meso, sub-meso, and
microscale (1 wm-1 mm) features of the hoof wall. Rice and Tan
[25] performed single-edged notched bending tests on lamellar
structures composed of epoxy and polylactic acid (PLA) and found
that lamellar orientation can be tuned to improve stiffness and
energy absorption during fracture. Wang et al. [26] fabricated 3D
printed structures containing tubular arrangements and found that
Kic and Gc increased by 39% and 55%, respectively, relative to con-
trol samples. Huang [27] used multi-material 3D printing to fabri-
cate samples with four tubules each and found that they helped to
prevent damage in comparison with featureless samples. Ma et al.
[28] fabricated crashworthy structures inspired by the tubular and
lamellar structures in hooves and used finite element analysis and
experimental compression tests to determine that bioinspired sam-
ples absorbed significantly more energy when compressed. Hoof-
inspired corrugated tubules exhibited a 94% increase in specific
energy absorption over traditional square tubes while achieving a
66% decrease in the undulation of load-carrying capacity (a met-
ric used to determine the smoothness of the force-displacement
curve, where a lower value indicates a smoother curve). A lower
undulation of load-carrying capacity suggests a more efficient de-
formation process.

In this study, we present new results on the structural char-
acterization of the hoof wall, including measurements of the
tubules, tubule bridges and their density, and the hierarchy of
meso/microscale fibers in the hoof wall (Section 3.1). Expand-
ing on the mechanical experiments of previous studies, com-
pression tests at five different strain rates were performed on
hoof samples hydrated to three different hydration levels. This
wide range of testing conditions was used to capture the hy-
dration and strain rate sensitivity of the hoof wall and to de-
termine the ductile to brittle transition of this biological mate-
rial. To determine the viscoelastic properties of the hoof wall,
compressive creep and stress relaxation tests for different hydra-
tion levels were performed. The results are used to fit the hoof
wall’s response to a simplified Maxwell-Weichert model using a
Prony series and are compared to another keratinous material,
hair (Section 3.2). To supply an understanding of the hoof wall’s
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Fig. 1. The horse hoof wall exhibits a complex hierarchical structure. Each length scale
functionality of the bulk material. Figure adapted from [18].

fracture mechanics during a realistic impact, drop tower tests
that closely resemble those experienced by the hoof wall in-vivo
were performed and the resulting failure mechanisms are reported
(Section 3.3). Based on these results and existing literature, unique
multi-phase hoof-inspired structures were fabricated to show that
elements of the hoof wall can be used to improve energy ab-
sorption and control crack propagation in engineered materials
(Section 3.4).

2. Materials and methods
2.1. Hoof samples

Hoof samples were obtained from the University of California,
Davis, Veterinary Department. They were taken from six racehorses
of mixed age and gender that died due to musculoskeletal injuries.
Each horse weighed between 450 and 550 kg. The hooves were re-
moved from the corpse within 4-24 h and were then refrigerated
for 24-48 h before being frozen at -20 °C. The keratinous hoof cap-
sule was removed from the hoof before being cut down to the re-
quired sample dimensions. Hoof samples were taken from the cen-
tral portion of the toe region. Two different methods were used to
obtain desired hydration levels. The relative humidity method was
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contains its own characteristic design that contributes uniquely to the mechanical

used for the drop tower samples and involved placing samples in a
sealed chamber with a desired relative humidity until the weight
of the sample equilibrated. The water content by weight technique
was used for compression samples. This method involved drying
samples in an oven at 110 °C until their weight reached equilib-
rium. Samples were then placed in 70 °C water and periodically
weighed until they reached the desired water content. Samples
were tested immediately upon reaching the desired conditions. The
relative humidity approach replicates better natural moisture con-
ditions where water diffuses into a sample over an extended pe-
riod of time at ambient temperatures. The water content approach
is ideal for ensuring that all samples contain the same ratio of wa-
ter. Since drop tower tests were intended to see how cracks prop-
agate naturally in the hoof, relative humidity was chosen to mod-
ulate sample hydration. The compression tests, on the other hand,
were meant to characterize the keratinous hoof wall at different
moisture levels, so water content was chosen as a means of quan-
tifying moisture in the hoof wall samples.

2.2. Bioinspired samples

Due to the promising mechanical performance of hooves re-
ported by previous studies, bioinspired models were created to
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replicate the tubular, layered, and gradient structures found in the
hoof. These different models aim to evaluate the mechanical prop-
erties and failure mechanisms imparted by its design motifs. Ear-
lier studies have shown that the tubular structure in the hoof wall
plays a vital role in its crack deflection mechanisms [3,9,12]. Thus,
the tubular structure is of key interest for creating energy ab-
sorbent engineered materials. Models consisted of 64 tubules as a
representation for the span of the hoof wall and focused on vary-
ing tubular shape gradients (elliptical to circular), density gradients
(high density to low density), and the inclusion of soft intertubular
lamellae. Dimensions of the tubules were drawn from Kasapi et al.
[9] where the hoof stratum medium and externum were divided
into six distinct regions. The average tubule shape, cavity size,
and cross-sectional area reported for each region were scaled up
enough to allow for 3D printing and replicated in the bioinspired
models. Data for the density gradient comes from Reilly et al. [4];
it was adapted to fit 64 total tubules. For all models, the volume
fraction of reinforced tubular area was held constant at 30% and
the tubular cavity area at approximately 3% to match the values re-
ported by Huang et al. [8]. Models were designed initially for drop
tower impact testing to study the effect of structural features, both
isolated and in varied combinations. A multi-material 3D printer
(Objet350 Connex3, Stratasys, Rehovot, Israel) was used to fabri-
cate the drop tower models, using polymers FLX9095-DM for the
matrix, VeroClear for the reinforced tubules, and TangoBlack+ for
the lamellae.

These bioinspired designs were adapted for compact tension ex-
periments to explore how the various arrangements affected crack
propagation. The designs were implemented into a modified Plas-
tic ASTM D5045 — 14 specimen geometry (W=39.09 mm) with
the tubules arranged orthogonal to the crack tip. The modifica-
tions consisted of re-positioning the pinholes for the sample to
fit in the testing apparatus with enough clearance to avoid colli-
sion of the sample and the crosshead during ductile Mode I failure.
The modification is not expected to have consequential effects on
the results. The compact tension models consist of the same de-
sign but with the addition of two models; one which tests control
(Model 1), composed of the stiff reinforcing tubular material and
a model which has uniformly distributed tubules with an elliptical
reinforcing region. For the latter, a shape ratio of 1.62 was chosen
as this correlated to the most extreme elliptical tubules observed
in the hoof by Kasapi et al. [9]. The intertubular lamellar designs
were not studied in compact tension due to the prioritized focus of
studying the effect of the tubular structure on crack propagation.

2.3. Microcomputed tomography

5 x 5 x 5 mm? cubes were removed from the hoof wall and
scanned using an Xradia MicroXCT 200 (Zeiss, Jena, Germany). Two
sets of scans were taken at different magnifications. A low mag-
nification set was taken with an optical magnification of 3.9692
and a pixel size of 4.001 pwm. These scans had an exposure time
of 1.5 s, a voltage of 80 kV, and a current of 88 wA. Higher mag-
nification scans were taken with an optical magnification of 19.312
and a pixel size of 1.1315 um. These scans had an exposure time
of 3 s, a voltage of 80 kV, and a current of 87 wA. The results
were processed with Fiji/Image] (U. S. National Institutes of Health,
Bethesda, Maryland, USA) [29] and 3D plugins [30,31] prior to
measuring. The processing was customized based on the properties
of the images, and consisted of brightness and contrast enhance-
ments, noise reduction 3D filters, pixel thresholding, morphologi-
cal 3D erosions and dilations, 3D hole filling, size-based object fil-
tering, and object isolation from the stacks. Global 3D analysis of
tubule morphology was conducted using the Volume Viewer plu-
gin.
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2.4. Compression tests

5 x 5 x 5 mm3 samples taken from the hoof wall were tested
using an Instron 3367 mechanical testing machine (Instron, High
Wycombe, United Kingdom) with a 20 kN load cell. Despite bear-
ing such large in-vivo loads, the hoof wall is only about 1 cm
wide at its thickest, and this can vary between horses and even
within the same hoof. The dimensions chosen for these tests were
the largest possible ensuring that samples were composed exclu-
sively of stratum medium (the central portion of the keratinized
hoof wall). Samples were compressed in the longitudinal direction
to 30% of their original height at three different hydration levels
(10%, 20%, and 30% water content by weight) and five different
strain rates (10 s=1, 10-1 s=1, 102 s~1, 103 s~! and 10~ s~ 1),
Five samples were tested for each condition. Stress relaxation tests
were also performed on 5 x 5 x 5 mm3 samples at each hydration
condition. These samples were compressed to 90% of their initial
height at a strain rate of 10~! s~! before a 10 min relaxation pe-
riod. Creep tests were conducted on samples of 20% and 30% wa-
ter content. 5 x 5 x 5 mm?> samples were compressed and held at
a constant stress of 14.5 MPa (the average initial stress between
the two hydrations for the stress-relaxation tests). The resultant
change in strain was measured over a period of 700 s.

2.5. Drop tower tests

Drop tower impact testing was chosen as a characterization
technique because it best recreates the natural localized impact
that might be experienced by hoof when it lands on uneven ter-
rain, such as a small rock, during locomotion. Hoof samples were
tested in a drop tower specially made for testing biological sam-
ples described previously in detail [32]. For this study, the 1.2 kg
impactor was raised to a height of 0.24, 0.48, and 0.72 m for im-
pact energies of 2.8224, 5.6448, and 8.4672 ], respectively. Hoof
samples were tested in two different hydration conditions of 25%
and 50% relative humidity (RH). Five samples were tested for each
impact energy at both hydration conditions. Samples were cut us-
ing a benchtop saw to be 17 x 8 x 3 mm?.

Bioinspired samples were also characterized through drop
tower testing. These tests were performed on a CEAST 9350 (In-
stron, High Wycombe, United Kingdom). The samples were im-
pacted at 4 m/s + 0.2 m/s by a 3.266 kg impactor (corresponding
to ~26.1 ] of impact energy) with a half-inch hemispherical tip.
Force-displacement curves were measured, but no trends were ob-
served for each type of sample, so they were not reported here.
Instead, the analysis of these tests focused on the fracture surfaces
and residual damage of impacted samples.

2.6. Fractography

Post-impact hoof samples were imaged using an FEI Apreo FE-
SEM (Thermo Fisher Scientific, Waltham, Massachusetts, USA) after
being sputter coated (Emitech K575X, Quorum Technologies Ltd,
East Sussex, United Kingdom) with iridium for 8 s. Post-impact
bioinspired samples were imaged using an Xradia microCT 200
(Zeiss, Jena, Germany). Scans were reconstructed and segmented in
Amira 2020.2 (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) to obtain damage volume values.

2.7. Compact tension testing

Three samples of each bioinspired model were printed and
tested. They were pre-notched using a razor blade and jig to en-
sure consistently sized and perpendicular cracks 2.5 mm + 0.09
mm in length. All samples were tested using the Instron 3367 load
frame under ambient indoor conditions (approximately 22 °C and
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Fig. 2. A) Tubule structure extracted from microcomputed tomography scans of the horse hoof. B) Hierarchy of fibers in the horse hoof.

75% humidity). Samples were tested at 10 mm/min as per ASTM
D5045 and the displacement and load until failure were recorded.
Raw data were exported from the universal testing machine and
normalized to consider the first 90% of the displacement in plot-
ting load versus displacement curves on MATLAB. The energy ab-
sorbed for each model was calculated by measuring the average
area under the curve for the model trials. Standard deviations for
each model were also calculated and plotted.

Measurements of the sample dimensions were made before
and after fracture using digital calipers. Videos of each experiment
were recorded, and digital images of each sample post-fracture
were taken. Videos were used to correlate the physical deforma-
tion behavior to the measured curves. Digital images were used
to measure crack length using Image] (U. S. National Institutes of
Health, Bethesda, Maryland, USA).

3. Results and discussion
3.1. Structure of the hoof wall

Tubular and fibrous arrangements reported by previous authors
were confirmed by scanning electron microscopy (SEM) and micro-
computed tomography (microCT). The gradients in tubule shape
and density were consistent with previous observations of the hoof
wall [3,4,9,11]. Fig. 2A shows an image of an extracted tubule from
a microCT scan. The scans show that the hollow medullary cavi-
ties at the center of the tubules are not continuous structures but
are segmented by bridges that span the empty space dividing the
cavity into hollow pockets. These features have been noted before
but never quantified [8]. Averaged measurements of bridge width,
bridge density, cavity cross-sectional area, porosity of the central
hoof wall cross-section, tubule density, and volume of an individ-
ual pocket are summarized in Table 1. Measurements of the tubule
density agree with Reilly et al. [4] and Kasapi and Gosline [9], who
found, respectively, 11-22 tubules/mm?2 and 10-25 tubules/mm? in
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Table 1
MicroCT measurements of hoof features.

Bridge width (n=301%)

Bridge density (n=16Y)

Pocket cross-sectional area (n=226Y)
Pocket volume (n=43%)

Porosity (n=226Y)

Tubule density (n= 226Y)

103 + 2.4 pm

0.009 + 0.002 bridges/pm
365.8 + 18.2 pm?
40633.5 + 12820.5 pm?
0.77 £ 0.3%

15.91 + 0.4 tubules/mm?

x-Bridges, y-Tubules, z-Pockets.

the central region of the horse hoof wall. The average value for
porosity (0.77% + 0.3%) was lower than those measured by Huang
et al. [8] (~3%). The measurements of the bridge width, bridge
density, and average pocket volume are novel and have not been
previously reported.

SEM scans of fibers extracted during the cutting process show
the hierarchy of fibers found in the hoof wall ranging from
macrofibers on the scale of 100 micrometers down to embedded
fibers that are just hundreds of nanometers in diameter. These fea-
tures are shown in Fig. 2B.

3.2. Compressive response of the hoof wall

Keratin’s mechanical properties are very hydration dependent,
a phenomenon that has been reported in hooves [5,8,10] and nu-
merous other keratinous systems such as horns, whale baleen [33],
and hair [16,24,34-36]. Stress-strain curves for hoof samples com-
pressed at five different strain rates for three different hydration
conditions are shown in Figs. 3A-C. In Fig. 3A and B, the area be-
tween like samples is shaded in to establish a range of results and
to better illustrate the trends observed under different testing con-
ditions. A ductile-to-brittle transition was observed with the de-
crease in hydration as well as with increasing strain rate. Samples
hydrated to 10% water content began to fracture around 0.1 strain
and showed severe plastic damage after the compression tests. Due
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Fig. 3. Stress-strain curves of hoof samples compressed at five different strain rates (10° s=', 10-! s71,10-2 s~1, 10-3 s~! and 104 s~!) for hydration states of A) 30%, B) 20%,
and C) 10% water content by weight. For samples hydrated to 10% water content only the curve before the onset of fracture is shown. Due to cracks initiating at different
strains for each sample at the lowest hydration state, a representative curve (the sample with the median ultimate stress) was selected to visualize the hoof wall behavior

in the dry state.

to this brittle behavior, a wide variability in the curves was ob-
served once the material began to crack. To visualize the data more
clearly, only the portion of the curve before cracking begins is plot-
ted in Fig. 3C. Since samples failed at different strains, plots show-
ing the range of sample curves do not effectively convey the be-
havior of the drier hoof wall. Instead, the sample with the me-
dian ultimate stress for each strain rate was chosen to serve as
a representative curve. In the 10% water content condition, brit-
tle fracture dominates; it is determined by discrete microplastic
buckling and fracture events. Generally, samples tested at higher
strain rates fractured at lower strains and at higher stress levels
as suggested by Fig. 3C, however more samples would need to be
tested to make this a statistically valid assertion. For each strain
rate there was a wide range of ultimate stress and strain values.
For these drier samples, catastrophic events dictate the material
response.

For the most hydrated samples (30% water content) there is a
noticeable and consistent strain rate effect. A linear shift in stress
levels at specific strains can be seen with increasing strain rate.
Samples tested at 104 s~! fit this trend well initially but then di-
verge at higher strains, likely due to drying effects during testing.
As such, the reported stress levels for this strain rate are likely in-
flated due to inconsistent hydration conditions during testing.

At 20% water content by weight, samples tested at the high-
est strain rate continue to show a brittle behavior. This response
is visualized by the green shaded region in Fig. 3B where there
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is a long elastic regime, reaching a high stress of 50-65 MPa, fol-
lowed by a precipitous drop in stress, signifying plastic damage
and fracture. When loaded at 10-! s~1, the samples exhibited a
similar initial behavior as the samples loaded at 109 s—!. How-
ever, they did not fail in a brittle manner between 0.1 and 0.2
strain and were able to exceed the maximum stress of samples
tested at the faster strain rate. On the other hand, samples tested
at 102 571, 1073 s~1, and 10~4 s~! express elastomer-like behav-
ior. Thus, the ductile-to-brittle transition is captured at 20% water
content by weight. Such a ductile-to-brittle transition with increas-
ing strain rate is consistent with previous observations for toucan
rhampotheca [37] and pangolin scales [20].

As mentioned above, all of the samples hydrated to 30% wa-
ter content by weight display ductile behavior and are significantly
softer than those in the other two hydration conditions. The stress-
strain curves at 10% s=1 and 10-! s-! are shifted upward relative
to the other strain rates. Only a marginal difference between 10~2
s~1 and 10-3 s~ is observed for this hydration condition, but the
curves for the latter strain rate tend to be comparatively shifted
down. As previously mentioned, samples tested at 10~ s~! have
higher stress values than expected, likely due to drying during test-
ing. Samples hydrated to 30% water content also showed very lit-
tle visible damage and even exhibited noticeable shape recovery
after the load was released. This shape recovery has been previ-
ously observed in feather [38]| and horn [16] keratin. The strain
rate sensitivity, defined as m = dlno /dIn¢ is displayed in Fig. 3D
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Elastic modulus values for hoof samples tested at different hydrations and strain rates.

Strain rate 10% + 1% water content

20% + 2% water content

30% + 2% water content

104 s~! 547.4 + 251.9 MPa 105.1 + 22.5 MPa 48.4 + 26.4 MPa
1073 s~! 600.0 & 99.1 MPa 281.5 + 40.1 MPa 56.6 £ 25.8 MPa
102 57! 774.9 + 188.4 MPa 439.3 + 90.3 MPa 169.2 + 51.1 MPa
10-1s~! 743.4 + 151.1 MPa 512.8 + 120.5 MPa 105.1 £+ 35.1 MPa
100 5! 1218.9 + 171.5 MPa 941.9 + 120.7 MPa 164.6 + 17.3 MPa
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Fig. 4. When compressed, the hoof wall displays viscoelastic behavior that varies with hydration. A) Normalized relaxation data vs time. Inset shows initial relaxation
period. B) Creep test of hoof samples hydrated to 20% and 30%. C) Relaxation modulus for each hydration state as a function of time. Fitted curves of three-term Prony series
compared with experimental data for D) 10% (and Simplified Maxwell-Weichert model with generalized equation used to model viscoelastic behavior of the hoof wall) E)

20%, and F.) 30% water content by weight.

and ranges from 0.072 to 0.087. These values are in line with other
keratins: baleen (0.09 to 0.11) [33], pangolin scales (0.06) [20], and
hair (0.06) [39]. These biopolymers have a response similar to syn-
thetic polymers, such as Poly(methyl methacrylate) (PMMA) (0.07)
[33].

The elastic modulus decreases with increasing hydration and
generally increases with increasing strain rate, in agreement with
previous work [5,10]. Table 2 shows the measured elastic modu-
lus for each condition. The linear elastic regime, seen in Fig. 3A-
C, shrinks with increasing hydration. The water molecules in the
hydrated hoof act as a plasticizer. The hydrogen bonds that sta-
bilize the a-helix structure of the keratin molecules and weakly
crosslink adjacent polymer chains are interrupted, reducing the
stiffness of the material dramatically [40]. At low hydrations, the
keratinous hoof wall behaves like a hard plastic, exhibiting plas-
tic deformation at relatively low strain. This behavior results in a
stress plateau beginning at ~0.15 strain as the damaged material is
less capable of resisting stress once fractures have been introduced.
At higher hydrations, the material behaves more like an elastomer.
It exhibits a short initial elastic regime before a slow, steady in-
crease in stress up to approximately 45% strain. At this point, most
of the pores have collapsed, and the densified material sees a steep
increase in stress with increasing strain. However, very few frac-
tures are observed, and the onset of plastic deformation is signifi-
cantly delayed.
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Fig. 4A shows the averaged curves (N=5) of stress relaxation
tests over a range of 600 s. To better compare samples, the per-
centage of maximum stress was plotted versus time. Interestingly,
the middle hydration level of 20% water content by weight ex-
hibits the most relaxation relative to its initial stress level, losing
nearly 75% of its maximum stress over a 10 min relaxation period.
Meanwhile, the 30% water content by weight samples approached
a 65% decrease in stress, while stress in the 10% water content
by weight samples only dropped by about 55%. It stands to rea-
son that the dry samples would exhibit less viscoelastic relaxation,
but the results of the 30% water content by weight samples seem
anomalous. This is likely due to the higher absolute stress level
present in the 20% water content samples when they are com-
pressed to the same strain, since the 20% water content samples
have elastic modulus values ~2-5 times higher than those of the
30% water content samples. This notion was confirmed by creep
tests on the two sets of samples hydrated to 20% and 30% wa-
ter content, where the samples are loaded to the same stress level
and then the change in strain over time is measured. The results
of these tests are displayed in Fig. 4B and suggest that samples
hydrated to 30% water content are significantly more viscoelastic,
with an average change in strain of 26.02 + 5.83% after 700 s com-
pared to that of the 20% water content samples which had an av-
erage change in strain of just 5.62 + 1.48% over the same time
period.



B.S. Lazarus, RK. Luu, S. Ruiz-Pérez et al.

Water, by infiltrating in the structure, disrupts hydrogen bonds
that stabilize the keratin structure, allowing the keratin fibers to
slide past each other and rearrange more easily. This behavior has
interesting implications for the naturally occurring hydration gra-
dient in the hoof wall. Kasapi and Gosline [9], Bertram and Gosline
[6], and Douglas et al. [10] discuss how this gradient leads to a de-
crease in strain differential between the stiff hoof wall and the soft
interior tissue; however, the authors do not explore or discuss the
viscoelastic implications of this hydration gradient. Unfortunately,
there is no clear consensus for the natural hydration condition of
the horse hoof in-vivo. For example, Leach [5] reported an aver-
age of 20.0% water content at the outer wall and 27.6% at the in-
ner wall, while Douglas et al. [10]| reported a moisture content of
27.9% at the outer wall and 35.5% at the inner wall. In either case,
it seems that the stiffer exterior portion of the hoof wall may have
an optimal water content for increased stiffness while maximizing
the viscoelastic nature of keratin that improves its energy dissipa-
tion and durability. Furthermore, even with the gradual gradient
identified by previous studies, one would expect the hydration dif-
ference and therefore stiffness difference through the thickness of
the hoof to give rise to internal shear stresses as the hoof is loaded.
However, the more rapid viscoelastic recovery of the hoof when
hydrated to 20% water content likely helps overcome this issue. For
instance, when compressed to 10% strain, hoof samples hydrated to
20% water content experience an average stress 1.77 times that of
samples hydrated to 30% water content. However, this ratio drops
to 1.67 after 1.5 s and then 1.57 after 22 s. After 600 s this ratio
is reduced to just 1.31. Meanwhile, samples hydrated to 10% water
content experience an initial stress 5.67 times larger than that of
the 30% water content samples. After 1.5 s, 22 s, and 600 s this
grows to 6.11, 6.61, and 7.44, respectively. An exterior hydration of
~20% water content allows the hoof to harness the benefits of a
stiff exterior while also minimizing internal shear stress via rapid
viscoelastic relaxation. Of course, these tests only account for vari-
ations in hydration, but not any of the structural differences that
occur through the hoof wall thickness, which may further improve
this optimization.

A closer look at the initial phase of relaxation can be seen in
the inset of Fig. 4A. Immediately after the stress relaxation begins,
the samples experience a linear drop in stress before entering a
region of gradual decay. The samples hydrated to 20% water con-
tent experience the steepest drop in stress in this linear region, fol-
lowed by the 30% water content samples and finally the 10% water
content samples. Several of the relaxation curves for the 10% water
content samples lack the smoothness seen in the other two sets
of curves. In these samples, a sudden change in the relaxation rate
can be observed between 3 and 4 s, and this is reflected to a lesser
degree in the averaged curve. This behavior is likely the result of
shifting plastic deformation that occurred during loading.

The viscoelastic behavior of keratinous materials has previously
[39] been quantified using a simplified version of the Maxwell-
Weichert model (Fig. 4D) which uses two Maxwell elements (a
spring and dashpot in series) and a spring in parallel. The relax-
ation modulus of the system can be represented by the following
three-term Prony series:

E:(t) = Eo + Eje V71 4 Eye V72

where t is the time elapsed since the beginning of the relax-
ation period, E; and E, are the elastic moduli of the springs in
the Maxwell elements, E, is the elastic modulus of the remain-
ing spring, and t; and t, are characteristic relaxation constants
defined as the ratio between the viscosity, 3, of the dashpot and
the elastic modulus, E, of the spring in each Maxwell element.
The two-step relaxation process observed in keratin has been at-
tributed to two distinct mechanisms at different hierarchical lev-
els. The shorter relaxation time, measured to be between 11 s and
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14 s in hair [39], is the result of relaxation of the larger scale fea-
tures such as cells, lamellae, and tubules while the longer relax-
ation time, determined to be about 207 s in human hair, is thought
to be the result of nanoscale features, like the IFs. Fig. 4C shows
plots of the relaxation modulus for each hydration condition. These
curves were then fitted to the generalized Maxwell-Weichert equa-
tion. The calculated curves are plotted alongside the experimental
data in Figs. 4D-F. The resulting equations are:

E;10%(t) = 229.3 + 98.2e~Y589 1 60.3e1/2246
Er20%(t) = 40.1 + 41.7e7Y77 4. 27 842049

E;30%(t) = 30.9 +22.6e7Y/6:18 | 12 8e~1/2063

The hoof wall samples hydrated to 20% had the largest short-
term relaxation constant and the smallest long-term relaxation
constant. Studies on hagfish slime threads suggest that the amor-
phous matrix in which the IFs are embedded is likely the most
susceptible to hydration sensitivity [24,41]. In this context, it
makes sense that the more hydrated samples would have a no-
ticeably lower long-term relaxation constant which is associated
with nanoscale structures. Meanwhile the driest samples, hydrated
to 10% water content, exhibit the fastest short-term relaxation time
due to plastic relaxation of minor cracking and delamination that
occurred during loading.

Human hair has characteristic relaxation times of ~207 s and
~11 s [39]. The larger relaxation time is remarkably consistent
with the results of this study (224.6 s, 204.9 s, and 206.3 s).
The results agree well with the assumption that this relaxation
time represents keratin’s nanoscale features which should be sim-
ilar in both systems [8,36]. The shorter relaxation time, however,
is significantly different. This finding also makes sense, consid-
ering that the hoof has significantly different mesoscale features
than hair. With a lower short-term relaxation time (5.89-7.7 s), the
tubule reinforcement/intertubular lamellae in the hoof seem to re-
lax quicker than the cortical structure of hair (11 s). Furthermore,
in the hoof, the Maxwell-element moduli for the large-scale fea-
tures, Eq, are 1.5-1.75 times larger than the moduli of the smaller
features, E,, whereas in hair, this is reversed, with E, being 1.5-
1.75 times larger than E; [39]. This finding indicates that the hoof
has a steeper initial decay of stress and that the short-term relax-
ation that arises from the hoof’s mesostructure is more dominant
than in other keratinous materials. For example, after 3 s, the E; for
hair drops to 95.9% of its initial value while that of hooves drops
to 89.7%, 87.4%, and 86.6% for 10%, 20%, and 30% water content,
respectively. After 10 s these values become 89.5% (hair), 78.6%,
71.1%, and 71.7% (hoof). With just a matter of s between each foot-
fall for a galloping horse [42,43], being able to dissipate compres-
sive stress via viscoelastic relaxation more quickly is advantageous
for preventing the build-up of stress during the repeated loads of
locomotion. These tests suggest that hooves can improve this ca-
pability over other keratinous materials with their mesostructural
features, highlighting yet another benefit of the hoof’s unique con-
figuration.

3.3. Impact performance of hoof wall

Similar to the quasistatic compression experiments, there was a
dramatic effect of the degree of hydration on the impact response.
Fig. 5A shows sample dimensions and extraction location from the
hoof wall. Samples hydrated at 50% RH (Relative Humidity) showed
almost no damage regardless of impact energy. Many of these sam-
ples simply bent under impact, rather than fracturing or cracking.
These samples were so ductile that they were able to bend in half
and squeeze into the lower aperture upon impact. They could be
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Fig. 5. Drop tower experiments were performed on hoof wall samples. A) Sample dimensions and location of extraction. Failure mechanism histograms for different impact

energies for samples equilibrated at B) 50% RH (Relative Humidity) and C) 25% RH.

removed and straightened to their initial shape with minimal no-
ticeable damage. Only one sample impacted at the highest energy
exhibited cracking after being bent to nearly 180°. The samples hy-
drated at 25% RH, however, showed significant damage regardless
of impact energy. This is indicative of a ductile-brittle transition
between 25% RH and 50% RH for the hoof wall. The severity of
damage in the samples also increased with increasing impact en-
ergy. Figs. 5B and C indicate the damage observed in the samples
after drop tower testing at different impact energies for 25% RH
and 50% RH, respectively.

The fracture morphology depends, by virtue of the anisotropy
of the structure, on the orientation of the propagation path. For
the drop tower fractured specimens, the state of stress is com-
plex and not controlled, and so is the fracture path. Nevertheless,
it was possible to identify some important characteristics. Fig. 6A
shows two principal fracture planes: parallel and perpendicular to
the orientation of the tubules in agreement with previous studies
[6,7,9,12]. When the crack front is perpendicular to the tubules, it
forms steps aligned with weak planes in the intertubular matrix.
For the other extreme case, where the crack plane is aligned with
the tubules, the crack front tends to meander between the tubules,
since the peritubular material has a higher strength than the ma-
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trix (Fig. 6B). These different modes of fracture corresponded to
varying impact energy with fractures tending to form perpendicu-
lar to tubules at higher impact energies and along the tubule axis
at lower ones. Kasapi and Gosline [12] do not mention these phe-
nomena during their fractography analysis of compact tension tests
at different strain rates, instead only making note of differences
due to location in the hoof wall. At the next spatial scale, (Fig. 6C-
E) there is also a distinct effect of strain rate. At low impact ener-
gies cracks develop between tubular and intertubular fibers. When
the material fails these cracks eventually propagate longitudinally
along the tubule as shown in Fig. 6A. At intermediate impact en-
ergies, crack initiation phenomena similar to the low impact en-
ergy samples were observed; however, longitudinal tubule pull-
out could also be seen. At high impact energies, individual tubules
were shorn laterally from the matrix while cracks traveled in a
stepwise pattern through the intertubular material. Finally, on the
microscale and below, failure of the horse hoof involves rupturing
the hierarchy of fibers shown in Fig. 2B.

Figs. 7-9 provide observations that elucidate the mechanisms of
fracture propagation and toughening at the meso and microscale.
SEM images of the post-impact crack interfaces of the 25% RH
samples reveal that the failure mechanisms depend on impact en-
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Fig. 6. Schematic showing the failure mechanism of each length scale’s characteristic structures at different impact energies. The microscale depicts the ubiquitous fiber
rupture, the sub-mesoscale shows tubule splitting/cracking, tubule pullout, and tubule tearaway, while the mesoscale depicts crack deflections at the tubular (low and
intermediate impact energies) and lamellar (high impact energies) interfaces. Red lines indicate points of failure such as fiber rupture or cracking, light blue lines indicate
tubular fiber orientation, and dark blue lines correspond to fiber orientation in the intertubular matrix. Fig. by Brooke Stephenson.
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Fig. 7. At the lowest impact energies the tubules cause significant crack deflections resulting in tortuous fracture surfaces. Tubules were also noted for the first time to
bridge cracks, providing an extrinsic toughening mechanism, and arresting crack interfaces in their fibrous cortical layers.

ergy and highlight some of the features that make the hoof so
energy absorbent under impact. At the lowest impact energy of
~2.8 ], cracks formed in several samples. SEM images of these
crack interfaces show that significant deflection occurred along the
tubule/matrix interface (Fig. 7). These deflections cause the crack
to take a meandering, energy-absorbent path. This result is sim-
ilar to that of Mirkhalaf et al. [44] who determined that intro-
ducing planes of weakness into a brittle material can be used to
create tortuous crack paths and improve toughness. Small cracks
were also observed around some of the tubules which suggest
the onset of delamination between the tubule cortical layers and
the surrounding matrix. Several other fracture mechanisms cen-
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tered around the tubules were observed, including tubules arrest-
ing cracks and bridging cracks, as shown in the right-most image
in Fig. 7. In the instance of tubule arresting, cracks were halted
when their tip reached a tubule interface. Meanwhile, in the case
of tubule bridging, cracks passed through the tubules, but the two
surfaces of the crack were held together by the intact tubule struc-
ture. This extrinsic toughening mechanism has been observed with
perpendicular fibers spanning cracks in biological systems such as
bone [45], but not as a result of tubules running parallel to the
crack interfaces. Horse hooves are unique since they have high-
aspect ratio reinforcing elements (tubules) that are physically in-
tertwined with the surrounding fibrous matrix. This feature will
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Tubule Crack Deflection

Fig. 8. At the intermediate impact energy tubules cause crack deflections and pull out of the matrix. The top two panels show SEM images containing multiple examples of
these phenomena. The bottom two panels show a tubule that has debonded from the matrix in the longitudinal direction (left), as well as the remnant matrix.

be discussed in greater depth later in this section but is important
for understanding how tubules are able to span fracture surfaces
and arrest crack growth.

At the intermediate impact energy of ~5.6 ], tubules not only
cause crack deflections but also begin to delaminate entirely from
the surrounding matrix. This mechanism is similar to the fiber
pullout observed in synthetic composites [46-49] and has been
noted in other composite biological materials like wood and bone
[50,51]. As the hoof wall flexes under impact, significant stress
concentrations build up at the interface between the reinforced
tubules and the softer matrix. These magnified stresses cause the
tubules to debond and slip out of the matrix. Several examples
of this behavior are noted in the top images of Fig. 8. An exam-
ple of a pulled-out tubule can be seen in the bottom left pane of
Fig. 8 while the remnant matrix is shown in the bottom right.

Another important implication of the hoof wall’s tubular re-
inforcement is the way in which the tubules adhere to the sur-
rounding matrix. Unlike most synthetic fiber reinforced compos-
ites, which grip the matrix with friction, the tubular reinforcement
in the hoof is physically attached to the matrix with intertwined
fibers that span the tubule/matrix interface. Therefore, to induce
tubule pullout or tubule tear-away the bonds that hold these fibers
together need to be overcome. Torn fibers between the matrix and
tubule after impact can be seen in Figs. 9A-C. Figs. 9D-F show the
hierarchy of torn fibers on the surface of a tubule that has ruptured
from the surrounding matrix with each successive image revealing
a finer embedded fibrous structure. We hypothesize that this phys-
ical attachment can increase the value for «, the bond modulus of
the reinforcement, as well as increasing the amount of energy that
is dissipated when tubules rupture from the surrounding matrix.
In synthetic composites, the degree of bonding across the inter-
phase region (the interface between fiber and matrix) is vital and
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can govern the mechanical potential of fiber reinforced compos-
ites [52,53]. Significant research has gone into improving the ad-
herence of fibers to the matrix including the use of fiber surface
modifications via dip coating [54], functionalized nanoclay grafting
[55,56], nanofiber chemical vapor deposition [57,58], and chemical
sizing agents [59-61]. The hoof’s bottom up self-assembly allows
it to create fiber reinforcement that is physically attached to the
surrounding matrix with a hierarchy of fibers. This structural motif
can serve as inspiration for future designs of fiber reinforced com-
posites.

The critical force, P, required to induce fiber pullout in en-
gineered composites is often based on the assumption that the
bonding between the reinforcement and surrounding matrix is
purely frictional. In the case of the hoof, where additional force is
required to fracture the fibers that traverse the interphase bound-
ary of the reinforcement, an additional term can be added:

Ptubute = Ofibers * Afibers * Pfibers * 27771

where 0 gpers i the tensile strength of the keratin fibers, Agpers iS
the average cross-sectional area of the fibers, pgpers iS the den-
sity of fibers per unit area, r is the radius of the tubule, and [ is
the length of the tubule. However, as previously noted, many of
the tubules in the hoof are elliptical rather than circular in cross-
section, which increases the surface area of the tubules and there-
fore the number of fibers that can span the interphase region.

At the highest impact energy of ~8.5 ], the intertubular lamel-
lae begin to play a more dominant role in the fracture path of the
hoof wall. Figs. 9G-I shows several of these fracture surfaces. This
failure pattern increases the surface area of fractures in the sample
as cracks move horizontally through the sample rather than trav-
eling down along the tubule axis. At the highest impact energy,
the tubule-matrix interaction also begins to change. Rather than
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Fig. 9. Unlike engineered composites, the hoof wall’s reinforcing elements are physically attached to the surrounding matrix. A-C) SEM images of post-impact specimens
showing torn fibers that once connected the reinforced tubules to the matrix. D-F) SEM images of the same ruptured tubule showing the hierarchy of fibers involved in
the interphase connection. G-I) At the highest impact energies, the intertubular lamellae dominate the fracture path as cracks propagate along the boundaries between the
layers. At these impact energies, tubules rupture from the matrix laterally rather than longitudinally.

pulling tubules out of the matrix in the longitudinal direction, the
impact causes tubules to tear away from the matrix in the trans-
verse direction.

These findings generally agree with higher strain rate compact
tension tests performed by Kasapi and Gosline [12]. However, they
differ in that samples impacted at higher energies do not have
more smooth fracture surfaces. These results also differ signifi-
cantly from quasi-static tests [7,9] on the hoof wall which showed
that the intertubular material nearly always dominates the fracture
path. One feature that was noted by Kasapi and Gosline [9] is the
variation in IF alignment through the hoof. Under quasi-static load-
ing, this IF arrangement led to crack deviations away from the liv-
ing tissue at the interior of the hoof. A similar phenomenon was
observed after drop tower impacts but to a much lesser extent.
In nearly all fractured samples, cracks traveling toward the inte-
rior exhibited a sharp bend at the same location. Several exam-
ples of this deflection can be seen in the images on the left half
of Fig. 10. SEM images, shown on the right of Fig. 10, revealed that
this deflection occurred in the region where there was a change in
fiber alignment. Since the IFs are aligned within the macrofibers,
the change in macrofiber orientation corresponds well to the crack
deflection mechanisms found by previous studies. However, likely
due to the higher impact energies of the drop tower tests, this
change in orientation was not enough to fully deflect the crack
away from the interior, but only to cause a minor deviation in the
crack path. Regardless, this suggests that macroscale fracture con-
trol properties of the hoof arise from its fibrous composition. An-
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other cause of this deflection could be the change in tubule shape
and density in this region that was reported by Kasapi and Gosline
[9], Reilly et al. [4], and Leach [5]. Here, there is a transition from
smaller partially elliptical tubules to large circular ones which may
lead to the change in crack path.

Huang et al. [8] observed fibrous bridges spanning the hollow
medullary cavities of the tubules and hypothesized that these in-
creased stability of the tubule. Indeed, these bridges do seem to
play a structural role in the hoof as many were found fractured af-
ter impact while the rest of the tubule was left mostly intact. Sev-
eral SEM images of this phenomenon can be observed in Fig. 11.

3.4. Bioinspired designs

These designs were generated to test the hypotheses developed
as a result of the observations of the fracture retardation mecha-
nisms made in the drop tower tests. Several simulated mesostruc-
tures created by additive manufacturing were tested in the drop
tower setup and subsequently in a more controlled geometry in
which a crack was generated with well controlled orientation (qua-
sistatic fracture toughness tests).

3.4.1. Dynamic tests (drop tower)

Computer aided design depictions of each model is shown in
Fig. 12A. Model 1 serves as a control sample with no features and
consisting only of matrix material. Model 2 incorporates uniformly
distributed hollow cylindrical cavities, representing the medullary
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Fig. 10. Fiber orientation within the hoof leads to crack deflections during fracture. (Left) images of samples after drop tower testing showing crack deviation near the interior
of the hoof wall. Crack path is highlighted by the dotted red line. The deflection is emphasized by the yellow arrow. (Right) SEM images taken around the deflection zone
showing a change in the orientation of the fibers. In the top image, taken above the yellow line, fibers are oriented perpendicular to the cross-section. In the bottom image,
taken below the yellow line, fibers run parallel to the cross section, as shown by the green arrows. The middle image shows the transition region where the orientation of

the fibers changes.

cavities found in the hoof wall. Model 3 incorporates the tubular
density gradient found in the hoof wall, with the hollow cylinders
more congested towards the ‘exterior’ end of the sample and fewer
near the ‘interior’. Model 4 maintains the same uniform tubular
arrangement as Model 2 but incorporates reinforcement material
around each cavity. Model 5 maintains the same uniform distribu-
tion but adopts the shape gradient feature as outlined in Kasapi
et al. [9], which shows that tubules in certain regions are more el-
liptical than in other portions of the hoof. Model 6 incorporates
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the shape gradient as well as the density gradient and has a tubu-
lar structure most similar to the actual hoof. The final two models
were designed to test the intertubular lamellar features by emu-
lating a 3:1 matrix to soft layer ratio. Model 7 incorporates the
soft layers into a featureless matrix with no tubules. Model 8 has
the same realistic tubule arrangement as Model 6 but adds soft
lamellae into the intertubular matrix. Care was taken to ensure
that each multi-material model consisted of the same volume frac-
tion of tubular reinforcement in spite of the design differences.
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Fig. 11. SEM images of fractured tubule bridges. These structures fractured prior to the rest of the hoof wall suggesting they play an important role in the structural stability

of the hoof wall.

The introduction of tubules into single phase samples led to
an appreciable increase in damage volume between the feature-
less Model 1 and the uniformly distributed tubules in Model 2 as
can be seen in Fig. 12A. However, the addition of a gradient in
tubular density in Model 3 significantly decreased the damage vol-
ume to below that of Model 1. Wei and Xu [62] found that cel-
lular gradient structures inspired by nacre distribute load better
and allow for greater bending deformation before failure. A sim-
ilar phenomenon occurred in these bioinspired samples where the
asymmetric porosity leads to a gradient in effective elastic mod-
ulus. Double material samples (Models 4-6) containing reinforced
tubules predictably sustained the most damage as samples were
embrittled by the addition of the stiffer reinforcing phase. The gra-
dient features, both in tubule density and tubule shape, again led
to a decrease in observed damage after impact. The increased soft
material in the impact zone blunts the damage while the reinforce-
ment on either side resists the spread of damage. The soft duc-
tile layers further reduced residual damage. Model 8 had the same
tubular arrangement as Model 6 but included soft ductile layers.
This combination of tubular density and shape gradient alongside
ductile lamellae led to the lowest damage volume of the reinforced
tubules, providing a positive optimization of stiffness and damage
reduction.

A closer look at the segmented damage volume itself revealed
how each sample failed under impact. Fig. 12B shows microCT im-
ages of the back face of impacted models as well as extracted
subvolumes of the damage in each model. The damage volume of
Model 1 forms a cylinder near the impact surface before spreading
into a conical shape with very smooth fracture surfaces. The tubu-
lar features of Models 2 and 3 create more asymmetric damage
in the samples as cracks “reach” for tubules that are farther away
from the impact zone. This leads to delocalization of damage. In
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Model 2, cracks extend out from the damage zone before termi-
nating at hollow tubules. In Model 3, the fracture is controlled by
the tubular density gradient. Damage occurs preferentially on the
more densely porous side of the sample. The unreinforced tubules
near the impact zone act as flaws, initiating cracks, while those
farther away act as crack arresters; with so many densely packed
tubules the crack path is constricted and does not extend past the
first row of tubules adjacent to the impact. On the less dense side
of the model, fractures behave similarly to those in Model 2, trav-
eling through the matrix towards nearby tubules. Much like the
damage mechanisms observed in the horse hoof [3,9,12], this ar-
rangement allows the samples to control the crack propagation.
Fig. 12A shows that Model 2 sustains more damage than Model
1 while Model 3 experiences noticeably less. This is a result of
the gradient in density. With tubules near the impact zone act-
ing as crack initiators, the uniform distribution of tubules leads
to an increase in damage relative to the neat, featureless samples.
The benefits of cracks arrested by distant tubules are outweighed
by tubules near the impact zone weakening the material. Mirkha-
laf et al. [44] observed a similar phenomenon in glass, noting
that when intentional crack deflecting flaws were concentrated too
densely they could significantly reduce a material’s overall tough-
ness rather than enhancing it. Meanwhile samples with a gradi-
ent in tubules get the benefit of tubule crack arresters while there
are fewer tubules near the impact zone to act as crack initiators.
Previous authors have postulated about the role of the gradient
in tubule density and shape within the hoof. Kasapi and Gosline
[9,12] suggest that the denser tubules near the exterior are meant
to act as an initial barrier for cracks propagating inward from the
outer wall of the hoof, to resist bending, or to provide increased
stiffness near the wall’s exterior surface. Our results suggest that
this design is meant to incorporate crack arresters near the edges
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Fig. 12. A) Damage volume after drop tower testing for each of the bioinspired samples, B) Visualizations of the damage volume for each model showing how the different
arrangements control crack propagation, and C) Orthogonal slices through the damage zone of four different samples showing the different crack propagation mechanisms.

of the material, which prevent cracks from propagating entirely
through the material, causing complete failure. Instead, the dam-
age is localized in the middle of the sample where the tubules are
least dense. This is supported by drop tower tests on the hoof it-
self, where damage to hydrated samples was contained in the cen-
tral portion of the sample. In the hoof, this corresponds to the mid-
wall where Kasapi and Gosline [9,12] identified fiber orientation-
related crack deflection mechanisms during non-impact tests that
direct damage away from living tissue at the hoof’s interior. This
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observation suggests that if damage occurs from impact in-vivo in
the hoof, it is contained in the mid-wall by the tubular arrange-
ment while further propagation of these cracks from quasi-static
loading (say walking or standing on the hoof) will be redirected
towards the exterior.

Model 4 sustained the most damage of any design. Unlike
Model 1, damage in Model 4 immediately began to spread into a
conical damage shape starting at the impacted surface. In Mod-
els 5 and 6, the initial cylindrical shape near the impact surface
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was once again observed. This is likely the result of having less
stiff reinforcement near the impact zone. However, a notable fea-
ture of the damage volume for these two models is their jagged
fracture surfaces. The denser reinforcement on either side of the
impact restricted the spread of damage and deflected fracture in-
terfaces. In some of the tubules near the damage front microc-
racks were observed in the tubule reinforcement but were arrested
at the tubule-matrix interface. Furthermore, the reinforcement re-
duced the number of cracks traveling through the matrix, resulting
in more symmetric, localized damage. The use of tubular gradients
is likely meant to strike a balance between stiffness and impact
resistance. Without sacrificing the amount of reinforcement, the
hoof can improve its impact resistance over uniformly distributed
tubules features with this arrangement. In Models 7 and 8, the soft
lamellae dampened the impact and absorbed energy via delamina-
tion. The back face of Model 7 exhibited very little damage other
than a few cracks. The segmented damage volume shows that the
conical damage was arrested at one of the lamellar interfaces and
only narrow cracks were able to penetrate to the bottom of the
sample. The tubular gradient once again controlled the damage
volume seen in Model 8, with irregular, asymmetric fracture pat-
terns that indicate deflection at tubular interfaces. Fig. 12C shows
a cross-section of the internal cracking of Model 8 compared to
Models 1, 4 and 7. In Models 1 and 4, relatively little microcrack-
ing was observed, with most damage concentrated in the conical
shape directly below the impact. In Model 7, several horizontal
cracks were observed along the soft-hard lamellar interfaces, with
some fiber bridging occurring. In Model 8, many horizontal cracks
initiated along the lamellar interfaces and radiated outward.
These tests show that many beneficial failure mechanisms iden-
tified in the horse hoof wall can be translated into engineered ma-
terials by utilizing bioinspired designs. These include deflections at
tubular interfaces, tubular gradients as a means of fracture control,
and soft lamellar arrangements dampening impacts and delocaliz-
ing damage. However, there are features unique to the hoof that
are very challenging to replicate. For example, the hierarchically
intertwined fibers of the tubular reinforcement found in the hoof
would be very difficult to recreate in a man-made structure. Also,
certain failure mechanisms commonly observed in post-impacted
hoof wall, such as tubule pullout, were not observed in the bioin-
spired designs. This could be a result of the scale difference be-
tween the biological structures and the 3D printed designs or from
differences in sub-tubular scale features and properties.

3.4.2. Quasistatic tests (compact tension)

Computer aided design depictions of the compact tension mod-
els are shown in Fig. 13A. The compact tension models are based
on the same models that were used for the drop tower designs.
Two extra models were introduced to compare featureless designs
of just the stiff reinforcing tubular material and a model which has
uniformly distributed tubules with an elliptical reinforcing region.
For the latter, a shape ratio of 1.62 was chosen as this correlated to
the most extreme elliptical tubules observed in the hoof by Kasapi
et al. [9].

All fractured samples are shown in Fig. 13B. Models 1-3, with
no reinforcement, maintained a relatively straight crack through
the sample while Models 4-7, with tubular reinforcement com-
posed of the stiffer VeroClear phase, experienced torturous crack
deflection around tubular regions. Particularly in Models 2 and 3,
the crack passes directly through the medullary cavities where the
cavities act as flaws. Resulting load versus displacement curves
provide insight for the performance of the models. The averages
for each model were plotted in Fig. 13C and D for control Models
1a and 1b and Models 1a, 2-7 respectively. For the control models,
Model 1a maintained a smooth curve representing the expected
ductile nature of the printed material. The stiff Model 1b experi-
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enced brittle fracture almost immediately after the experiment be-
gan. Models 2 and 3, with no reinforced cavities, rendered curves
with smaller maximum loadings as the crack propagated through
the cavities. The maximum loads and overall curves for Models 4-7
were greater than for Models 1a, and 2, and 3. The introduction of
cavities into the bioinspired hoof structure dramatically decreased
the mechanical toughness of the samples, as noticed by comparing
Model 1a to Models 2 and 3, since the cavities act as flaws guid-
ing the crack relentlessly through the material. This observation
supports Kasapi and Gosline’s [63] theory that the hollow cavities
are either a manufacturing constraint, meant to reduce the weight
of the hoof, or resist co-operative buckling of the individual rein-
forcing elements under longitudinal compression rather than as a
means of improving fracture toughness.

The reinforced tubular structure caused crack deflection that led
to torturous crack paths, which is attributed to its high energy
absorbing behavior. Furthermore, the density gradient feature in
combination with the reinforced tubular structure exhibited con-
sistent fracture control properties due to the congestion of tubules
near the crack tip and further implied crack path manipulation.
Through video correlation, the ridges in the curves of Models 2-
7 were caused by a tubule or cavity acting as obstacle interface for
the propagating crack. When the specimen’s crack path was halted
by a tubule in the crack path, a ridge was formed in the curve as it
required an extra amount of load to deviate around or through the
tubule. This hypothesis is reinforced by the curve in Model 1a and
1b, with no tubular features, maintaining a smooth curve through-
out.

The energy absorbed by each model is compared in Fig. 13E.
Models 4-7 rendered energy absorption that was nearly two times
larger than the control Model 1a, nearly four times larger than
Models 2 and 3, and nearly six times larger than Model 1b, the
stiff tubular material alone. While the reinforced tubular structure
appeared to have aided in increasing energy absorption, another
notable result was regarding fracture control. Samples of Model 7
had very similar curves and took the same crack path in all three
trials generating significantly similar curves as shown in Fig. 13F.
On Fig. 13E, intervals marked on each bar represent standard devi-
ation with Model 7 rendering the smallest standard deviation out
of the multiple material models, trailing behind Models 2 and 3
where their lower standard deviations are most likely due to the
nonreinforced cavities guiding the crack path. Model 7’s consis-
tency could be due to the density gradient feature. By congesting
the number of tubules towards the front of the model, the crack
was guided by the reinforced tubules down a particular ideal path.
Model 7, which is most like the hoof, did not absorb as much en-
ergy as Models 4-6 did. However, this may indicate a tradeoff rela-
tionship between fracture control and toughness of a structure. The
very slight decrease in energy absorption may be a small price to
pay for unique fracture control properties.

Lastly, crack deflection was further quantified by finding the
initial angle deflection, the angle measured from crack initiation
to 50% displacement of the specimen as noted in Fig. 14A. Av-
erage calculated initial angle deflection for each model is listed
Fig. 14B. Larger angles imply greater crack deflection occurring and
propagating through a more torturous path rather than a straight
line. Models 4-7 had overall greater angle deflection, implying that
crack deflection was highly present during fracture due to the re-
inforced tubular structure. Likewise, the average crack length of
each Model was measured and displayed in Fig. 14C and the av-
erage crack length was greater by about 3 mm for Models 4-7
than Models 1-3, which likewise implies greater crack deflection.
Crack deflection can also be generally attributed to the increased
energy absorbing properties of the tubular structure. While each
of the models with reinforced tubules had relatively similar crack
lengths, the model with all elliptical tubules had the longest crack
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length, likely due to the larger deflections required to circumvent
the longer perimeter of each ellipse. Kasapi and Gosline [9] sug-
gest that the elliptical nature of the tubules is meant to withstand
bending or to prevent tubules from collapsing due to circumferen-
tial stresses that arise at the edge of the hoof wall. However, the
elliptical tubules may also play a beneficial role in resisting the
propagation of orthogonal “quarter-cracks” (an issue in distorted
hoof capsules where cracks run parallel to the tubules and can
cause lameness and infection [64]) by increasing crack tortuosity
at the exterior portion of the hoof. Meanwhile, the large, circular
tubules in the interior, further from the location that cracks would
be expected to initiate, would be better able to resist longitudinal
bending and buckling.

4. Conclusions

The load bearing horse hoof wall has evolved a unique design
and properties to survive the demands placed on it in-vivo. Previ-
ous authors have identified this evolutionary marvel as a remark-
able material for engineers to learn from, yet knowledge gaps sur-
rounding the hoof wall’s architecture and its relation to the com-
pressive, viscoelastic, and impact behavior of the wall remained.
This study reaches significant conclusions that expand our under-
standing of the structure and mechanical response of the horse
hoof wall:

1. Several features in the hoof wall were quantified and charac-
terized using microCT and SEM. Results from previous studies
on porosity, tubule density, and tubule cross-section were con-
firmed while new values such as average tubule bridge width
and bridge density are reported for the first time.

. Drop tower tests suggested that these previously unexplored
features play a mechanical role in the hoof wall, stabilizing the
hollow medullary cavity, and being the first part of the tubule
to crack during an impact scenario.

. Other fracture mechanisms observed by previous authors were
noted after drop tower tests such as tubule pullout and deflec-
tions at the tubular and lamellar interfaces. However, our im-
pact fractogaphy results contradict the analysis of tensile frac-
ture presented by Kasapi and Gosline [9,12] and Bertram and
Gosline [6,7] who suggest that cracks nearly always prefer to
propagate along the intertubular IF orientation. While the in-
tertubular fiber orientation leads to a slight deviation in crack
path during impact, the tubules dominate the fracture pat-
tern, particularly at lower impact speeds. At higher impact en-
ergies, cracks more commonly propagate between the inter-
tubular lamellae, but fractures still traveled through the sample
along the tubular axis.

4. A hierarchy of fibers were also identified within the hoof wall.

During cracking these fibers play a key role by intertwining the
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tubular reinforcement with the matrix. These observations re-
veal unique mechanisms that are not normally observed in syn-
thetic composites such as tubule bridging or arresting where
tubules extrinsically toughen the hoof by spanning crack inter-
faces or by arresting propagation at the tip altogether. The fi-
brous entanglement with the matrix also strengthens the inter-
phase zone of the composite, requiring more energy to induce
delamination or pullout of the reinforcing phase since fibers
need to be ruptured to do so. This architecture is challenging to
replicate but offers an ingenious design motif to improve com-
posite materials, which can be limited by the ability of the re-
inforcement to adhere to the matrix.

. To test the role of hydration on the impact resistance of the
hoof, drop tower tests were performed at two different hydra-
tion states. The samples equilibrated at 50% relative humidity
showed minimal damage with most samples exhibiting a small
dimple at the impact zone. All samples in the 25% relative hu-
midity environment developed cracks with most samples crack-
ing through the thickness of the sample in multiple places.

. Quasi-static compression was used to build a better under-
standing of the ductile-brittle transition in the hoof. Samples
hydrated to 30% water content exhibited a ductile behavior
across all strain rates (104 s='-10° s-!) while samples hy-
drated to 10% water content consistently showed brittle behav-
ior dependent on catastrophic events that began around 0.15
strain. Young’s moduli and strain rate sensitivity were also de-
termined and were in range with those of other keratinous ma-
terials.

. Relaxation tests revealed that samples hydrated to 20% water
content dissipated more stress, faster than samples hydrated
to 10% or 30% water content. In the hoof, this is a very use-
ful trait, since there is a hydration gradient, and therefore stiff-
ness gradient, that exists through the hoof’s thickness leading
to loading differentials and internal stresses between the in-
terior and exterior. Twenty percent water content by weight
seems to be an ideal optimization for the hoofs exterior that
maximizes relaxation speed (reducing internal stresses) while
increasing stiffness.

. Fitting the relaxation data to a Maxwell-Weichert model using
a Prony series showed that this quicker relaxation was due to
the hoof’s mesostructural features. Further, the hoof’s relaxation
due to mesofeatures is faster than that of other keratinous ma-
terials, such as hair, where being able to quickly recover from
loading may not be as evolutionarily important.

To show that the benefits of the hoof wall’s design can be trans-
lated to engineered materials, bioinspired designs were fabricated
using a multi-material 3D printer to replicate the tubular, lamel-
lar, and gradient arrangements found in the hoof. These specimens
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were subjected to drop tower and fracture toughness tests which
showed the interaction of matrix and tubules:

1. Drop tower tests on single material samples showed that
tubules act as both crack arresters as well as crack initiators. In
samples with uniformly distributed tubule cavities the material
weakness introduced by the cavities outweighed the benefits
of cavities arresting cracks. With the introduction of a gradient
in tubule cavity density, a decrease in damage was observed.
This likely results from the fact that fewer tubules are located
near the impact zone to act as initiators while more densely
packed tubules further from the impact zone continue to arrest
crack propagation. The introduction of a more brittle reinforc-
ing phase predictably increased the total damage observed in
the samples. However, the application of a gradient again led
to a decrease in damage relative to samples with a uniform
tubule distribution. This highlights that a gradient in reinforce-
ment density can be used to improve impact resistance without
reducing the amount of reinforcement in the material. The ad-
dition of soft lamellae further reduced the overall damage of
the samples. Much like the drop tower tests performed on hoof
samples, impact tests on the 3D printed samples led to crack
deflections along the tubular and lamellar interfaces.

. Compact tension fracture toughness tests on 3D printed sam-
ples showed a large increase in crack deflection angle and crack
length for samples with reinforcement. While gradient samples
showed a slight drop in energy absorbed, they produced pre-
dictable fracture patterns with very little deviation in mechan-
ical response between samples.

The present study shows that the hoof contains several unique
structure-property relationships that enable it to survive its envi-
ronmental demands. Its mesostructure improves impact resistance
while also allowing it to reduce internal stresses via rapid vis-
coelastic relaxation. The importance of several architectures such
as cavity bridges and reinforcing elements that are physically in-
tertwined with the matrix were identified and these features offer
inspiration for future study. Other previously identified aspects of
the hoof wall such as tubules, lamellae, and gradient configurations
show significant promise as design elements in engineered mate-
rials and warrant continued research, particularly as designs to be
used in tandem.
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