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This paper investigates the effects of moisture, anisotropy, stress state, and strain rate on the mechanical
properties of the bighorn sheep (Ovis Canadensis) horn keratin. The horns consist of fibrous keratin
tubules extending along the length of the horn and are contained within an amorphous keratin matrix.
Samples were tested in the rehydrated (35 wt% water) and ambient dry (10 wt% water) conditions along
the longitudinal and radial directions under tension and compression. Increased moisture content was
found to increase ductility and decrease strength, as well as alter the stress state dependent nature of
the material. The horn keratin demonstrates a significant strain rate dependence in both tension and
compression, and also showed increased energy absorption in the hydrated condition at high strain rates
when compared to quasi-static data, with increases of 114% in tension and 192% in compression.
Compressive failure occurred by lamellar buckling in the longitudinal orientation followed by shear
delamination. Tensile failure in the longitudinal orientation occurred by lamellar delamination combined
with tubule pullout and fracture. The structure-property relationships quantified here for bighorn sheep
horn keratin can be used to help validate finite element simulations of ram’s impacting each other as well
as being useful for other analysis regarding horn keratin on other animals.

Statement of Significance

The horn of the bighorn sheep is an anisotropic composite composed of keratin that is highly sensitive to
moisture content. Keratin is also found in many other animals in the form of hooves, claws, beaks, and
feathers. Only one previous study contains high rate experimental data, which was performed in the
dry condition and only in compression. Considering the bighorn sheep horns’ protective role in high
speed impacts along with the moisture and strain rate sensitivity, more high strain rate data is needed
to fully characterize and model the material. This study provides high strain rate results demonstrating
the effects of moisture, anisotropy, and stress state. As a result, the comprehensive data allows modeling
efforts to be greatly improved.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Male bighorn sheep engage in fights when they move to sea-
sonal home ranges and encounter strangers [1] or when challeng-
ing tending rams for mating access to defended estrous ewes [2].
During these fights, the rams’ horns clash together at high speeds
(up to 5.5 m/s), resulting in forces up to 3400 N [3]. By protecting
the ram’s head during the fight, the horns’ function is vital to the
safety of the ram. Considering the average bighorn sheep lifespan
of 13 years [4] and their important role in mating and territory
control, the horns must be energy absorbent and very resistant
to fracture. Due to the safety aspect of these horns, along with their
superior durability and performance, the horn material is poised as
a great material to study with regards to natural safety and impact
resistant structures.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2016.10.033&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2016.10.033
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The horns of bighorn sheep consist of a core of cancellous bone
covered with a germinative epithelium that generates new cell
growth, all of which is surrounded by a sheath composed of a-
keratin [5,6]. a-Keratin is a structural protein found in horns,
hooves, hair, claws, and wool. The second type of keratin is known
as b-keratin, which is tougher than a-Keratin [7]. While the a-
Keratin molecular unit is a coiled-coil heterodimer, b-keratin con-
sists of pleated sheets [8]. b-keratin is found in avian feathers and
beaks, and reptilian scales and claws [7,9]. The a-keratin sheath of
the bighorn sheep is anisotropic about the radial direction, which is
defined as the direction normal to the long axis of the horn (longi-
tudinal) and oriented towards the centerline of the horn [10]. The
keratin sheath is a composite-like structure consisting of long, hol-
low keratin fiber tubules in an amorphous keratin matrix. The
chemical bonding between the fibers and the matrix is accom-
plished by sulfur cross links [11]. This complete protein composi-
tion is different than most biological materials such as bone,
tooth, and nacre, which normally include a mineral component
for added stiffness [12–14]. The tubules in bighorn sheep keratin
typically form an elliptical shape with major and minor axes
dimensions of 93 and 29.6 lm, respectively [15]. The tubules
extend along the length of the horn in the growth direction, called
the longitudinal direction, and are randomly dispersed between
keratin lamellae. These lamellae are stacked in the radial direction
and measure between 2 and 5 lm in thickness [15]. Equine hooves,
bovine hooves, and Rhinoceros horns also share this keratin-based
tubule structure [5]. Being that keratin poses a structural anisotro-
pic makeup, and has wider natural uses in other animals, under-
standing the anisotropic behavior of this material is paramount
in relating the behavior to the complex morphology of the animal
parts in which keratin find usage.

Keratinous materials are also highly affected by moisture con-
tent. In these materials, the strength and stiffness are greater at
lower moisture contents, yet more brittle. Bonser [16] tested
ostrich claw keratin at 11.58 and 28.79% water by mass and
showed decreased stiffness and hardness. Many studies also show
that with increasing moisture content, strain to failure in keratin
increases at the expense of strength and stiffness [5,13,15,17–
19]. In several studies, these keratinous materials were found to
have the highest work of fracture at intermediate moisture con-
tents that reflect values found in vivo [18,20]. At these intermediate
moisture levels, water acts as a plasticizer and leads to increased
toughness. Bertram and Gosline [20] found that dehydration
affects the matrix muchmore than the microfibrils. They suggested
that intermediate hydration allows an intermediate degree of sec-
ondary cross linking (hydrogen bonding between the polymers of
the matrix phase), increasing stiffness while still allowing extensi-
bility. Based on this extensive knowledge of moisture content
effects on overall plasticity, moisture content should also be inves-
tigated with regards to strain rate and stress state to elucidate any
effects on these properties as well. Wang et al. provides a thorough
review of keratin and its properties in different biological systems
[8].

The keratin found in bighorn sheep has been well researched at
quasi-static strain rates, but the only high rate data that exists in
the literature is compression in the dry condition [4,5,15]. The
Split-Hopkinson Pressure Bar (SHPB) offers a way to examine
materials at higher strain rates [21,22]. As discussed previously,
the sheep’s horn is designed for impacts up to 5.5 m/s. By perform-
ing SHPB experiments, data in this study can combined with exist-
ing quasi-static experimental data to bound the entire operating
range of the horn and thereby reveal any unique strain rate depen-
dent properties that might otherwise be missing from lower strain
rate experiments alone.

Hopkinson [21] originally designed the experiment to use a
metal bar to measure the pressure pulse propagation. The method
was later altered by Kolsky [22] to use two bars to measure stress
and strain. The technique places a specimen between two straight
bars, called the incident bar and the transmitted bar. A pressure
wave, either compressive or tensile, is introduced in the incident
bar at the end opposite the specimen. The wave, called the incident
wave, travels to the end of the incident bar in contact with the
specimen, at which point a portion of the wave is reflected, called
the reflected wave, and the remainder, called the transmitted
wave, enters the specimen causing deformation. After leaving the
specimen, the wave travels down the transmitted bar. Strain gages
on the incident and transmitted bars capture the strain responses.
Using the bar material properties and amplitudes of the three
waves, the stress response of the specimen can then be calculated.

Based on the aforementioned pertinence of studying the effects
of moisture, anisotropy, stress state, and strain rate on the
mechanical properties of bighorn sheep horn keratin, this study
makes the first attempt at garnering and analyzing the relationship
between all of these quantities. Microstructural analysis is also uti-
lized to offer structure-based hypotheses for the property relation-
ships observed. Using this SHPB technique, our study examines the
response of the horn keratin of bighorn sheep under high strain
rate loading, which has scarcely been performed for this material.
Finally, the effects of moisture on the strain rate, stress state, and
anisotropy will be analyzed to offer a global definition of the defor-
mation space of bighorn sheep horn keratin. The results aid in
understanding the energy absorption of the horns of the bighorn
sheep during impacts, and the information garnered from this
study can be used to greater inform material models. For example,
the data presented here is currently being used to simulate bighorn
sheep impacts with the goal of understanding how the horns pro-
tect the ram brain from impacts. Any relevant mechanisms that
can be discovered can be utilized in protective equipment for
human heads.
2. Materials and methods

Two bighorn sheep (Ovis Canadensis) horn sheaths, approxi-
mately 1 m in longitudinal length and 12 cm in diameter at the
base, were donated by the Montana Department of Fish, Wildlife,
and Parks. The animals were killed for reasons unrelated to this
study. The specimens were stored in a controlled environment
with a temperature of �18 �C and a relative humidity of 30 percent
until needed. The exact amount of time that elapsed between the
harvesting of the horns and testing was indeterminable. High
strain rate tension and compression tests were performed using
a split-Hopkinson pressure bar apparatus with the incident and
transmitter bars consisting of a 7075 aluminum alloy. Testing
was performed at an average strain rate of 1000 s�1.

Two sets of specimens were used for high rate tensile and com-
pression testing. The dog bone tensile specimens had a gage length
of 4.5 mm, a gage width of 2 mm, and a gage thickness of 2 mm.
The cylindrical compression specimens had a length of 6.35 mm
and a diameter of 12.7 mm. Sections of horn were cut and sanded
to the desired thickness, then cut to the appropriate profile using a
water-jet cutting machine to insure a smooth surface with no heat
affected zone. Twelve tensile specimens were prepared, with six
cut in the longitudinal direction and six in the radial direction. Of
the six for each orientation, three were tested in the hydrated con-
dition, and three were tested in the ambient dry condition. Forty-
eight compression specimens were prepared to be tested,
twenty-four in the longitudinal direction and twenty-four in the
radial direction. Of the twenty-four for each orientation, twelve
were tested in the ambient dry condition and twelve were tested
in the hydrated condition. Fig. 1 illustrates the hierarchical struc-
ture of the horn and the orientation of the longitudinal and radial



Fig. 1. Schematics showin (a) orientation of compressive and tensile test specimens, and (b) hierarchical structure of the horn at different length scales. Reprinted from Ref.
[5], with permission from Elsevier.

Fig. 2. High rate compression stress-strain results demonstrating the effects of
moisture and anisotropy. Increased moisture increased the ductility, decreased the
strength, and decreased the effect of anisotropy. Each curve consists of at least three
tests. Error bars denote standard deviation values.
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test specimens. In order to determine the effects of horn moisture
content under high rate loading, the specimens to be tested in the
hydrated condition were immersed in deionized water for three
days to allow for complete saturation [23]. This process has been
shown to produce a moisture content of 35 wt% water [15]. The
ambient dry keratin possessed a moisture content of 10 wt% water.
After mechanical testing, two-tailed T-tests were performed in
order to confirm statistical significance of the changes in strength
caused by moisture addition and orientation under both compres-
sive and tensile high strain rate loading. A p-value of 0.05 was cho-
sen for the statistical comparison. A p-value of 0.05 indicates that
for each t-test, if P(tstat 6 tcrit) is less than 0.05, the difference in the
mean strength values does not lie with a 95% confidence interval,
and there is a statistically significant difference in strength. In
the probability equation, tstat is the t statistic calculated for the
two populations (wet and dry, for example) using the mean, sam-
ple variance, and sample size, and tcrit is the t statistic that repre-
sents the bounds of the 95% confidence interval.

Strain rate effects were investigated by comparing the high rate
data obtained in this study with quasi-static data previously pub-
lished in [15]. After failure of the tensile specimens, the fracture
surfaces were imaged using scanning electron microscopy (SEM)
using a Zeiss SUPRA 40 Field Emission Gun SEM in secondary elec-
tron (SE) mode at 5 kV. Prior to imaging, the samples were allowed
to dry at ambient conditions and were given a 12.5 nm Ag/Pd coat-
ing in a sputter coater (Polaron SC7640, Quorum Technologies Ltd.,
CT, USA).
3. Results and discussion

3.1. Moisture effects

Fig. 2 shows the effects of moisture and anisotropy during high
rate compressive loading. A clear transition from brittle-to-ductile
behavior can be observed as the water content increased for both
orientations; as the water increased the failure strain increased



Fig. 3. High rate tension stress-strain results demonstrate the effects of moisture
and anisotropy. The longitudinal orientation possessed greater strength in the dry
condition but more ductility in the wet condition compared to the radial
orientation. Each curve consists of at least three tests. Error bars denote standard
deviation values.
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also. This brittle-to-ductile transition also incurred a stress reduc-
tion for both the longitudinal and radial orientations. Hence, the
mechanical behavior shown in Fig. 2 demonstrates that higher
moisture content greatly reduces compressive strength and
increases failure strain. To confirm that moisture produces a
change in mechanical behavior, a two-tailed T-test was performed
on each orientation to compare the dry and wet results. The com-
parison of average compressive strength for the dry and wet longi-
tudinal orientations resulted in a P-value of 7 � 10�6. The
comparison of average compressive strength for the dry and wet
radial orientations resulted in a P-value of 5 � 10�4. Both tests
showed that there is a significant difference in compressive
strength after the addition of moisture. The results of the T-tests
as well as the difference in strength caused by moisture addition
is shown in Table 1. The fracture mechanisms in compression were
consistent with previously reported quasi-static testing [5,15] in
that tubule collapse and buckling of lamellar layers followed by
delamination were observed.

During high rate tensile deformation (Fig. 3), the stress reduc-
tion due to increased water content occurred in both orientations,
but was much less significant in the radial direction. A two-tailed
T-test was again performed on each orientation to compare the
dry and wet results. The comparison of average tensile strength
for the dry and wet longitudinal orientations resulted in a P-
value of 0.03. The comparison of average tensile strength for the
dry and wet radial orientations resulted in a P-value of 0.003. Both
of these results indicate a statistical difference in tensile strength
caused by moisture addition. The results of the T-tests as well as
the difference in strength caused by moisture addition is shown
in Table 2. The dry longitudinal condition possessed a significant
ultimate strength of 117 MPa, which is greater than many thermo-
plastics such as polycarbonate and even higher than some fiber-
reinforced polymer composites [24]. However, the failure strain
was very low in the dry longitudinal condition. Keratin tubules
were exposed on the fracture surfaces and are shown in Fig. 4(b),
circled in white. A scaled view of the complete fracture surface of
a dry longitudinal high rate tension specimen is shown in Fig. 4
(a). The wavy lamellar layers that make up the keratin matrix
can also be seen. Failure initiated at the bottom of the image and
followed a typical Mode 1 crack path that traveled approximately
80% across the gage section. The failure mechanism then changed
when the lamellar structure delaminated parallel to the loading
axis, before continuing Mode 1 failure higher up the gauge section.
This delaminated surface is visible in the top half of Fig. 4(a). With
the addition of moisture, the longitudinal orientation exhibited
tensile failure strains up to 70%, while the wet radial condition
exhibited a failure strain less than 15%; hence, the anisotropy
changed 78% due to water. The fracture surface of the wet longitu-
dinal high rate tension specimens indicated a different failure
mechanism when compared to the dry condition (Fig. 5(a–c)).
The combined Mode 1-delamination failure was again observed
for the wet condition, but the wet condition revealed a much
greater degree of fiber pullout. Fig. 5(b) shows the fiber pullouts
as the frayed fibers are the fractured tubules. The material also
showed the standard ductile cup-and-cone type failure illustrated
in Fig. 5(c). This ductility was not observed in the dry condition.
Table 1
Statistical Analysis comparing strength for different orientations with the addition of moi

Dry longitudinal

Average strength (MPa) 165
Strength change with moisture (%) �83
t Stat 7.9
t Critical 1.8
P(tstat 6 tcrit) 7 � 10�6
When loaded in the radial direction, the weaker amorphous
keratin matrix carried the majority of the load, causing delamina-
tion of the tubules and lamellar layers. The failure surface of the
dry radial condition, found in Fig. 6(a), clearly shows channels left
by tubule pullout. A partially delaminated tubule circled in white is
illustrated. The fracture surface of the dry radial keratin also pos-
sessed a flaky appearance, shown in Fig. 6(b), due to the primary
loading of the keratin matrix. Although the increased moisture
content does not significantly reduce the radial strength, ductility
increased by an order of magnitude. The fracture surface morphol-
ogy in Fig. 7 reveals the increased plasticity in the amorphous ker-
atin matrix. Fig. 7(a) also highlights a very distinct channel left by a
delaminated keratin tubule. The channel diameter in Fig. 7(b) is
56 lm, which is in the range for tubule diameters [15].

When compared to quasi-static mechanical properties, high
strain rates resulted in a greater flow stress for both compressive
and tensile loading in the hydrated condition, while maintaining
a fairly large ductility. We note that greater strength and ductility
lead to better energy absorption. This result is important, because
ram impacts occur in nature at high rates, and the moisture con-
tent of their horns has been shown to contain approximately 20%
water [23], placing it between the bounds of the two conditions
tested in our study. The 20% moisture content could possibly rep-
resent an optimized combination of strength and energy absorp-
tion. This has yet to be confirmed for horn keratin, but Bertram
and Gosline [20] found that fracture toughness was maximal in
horse hoof keratin at an intermediate moisture content (18.2%).
To further understand the behavior of horn keratin at intermediate
moisture contents, the material could be tested after undergoing
vapor phase absorption at different humidity levels.

3.2. Anisotropy

While the compressive strength in the longitudinal orientation
appears slightly greater than the radial orientation for dry condi-
sture for high strain rate compressive loading.

Wet longitudinal Dry radial Wet radial

28 109 27
�75
10.3
2.1
5 � 10�4



Table 2
Statistical analysis comparing strength for different orientations with the addition of moisture for high strain rate tensile loading.

Dry longitudinal Wet longitudinal Dry radial Wet radial

Average strength (MPa) 117 49 48 34
Strength change with moisture (%) �58 �29
t Stat 5.2 4.97
t Critical 4.3 2.45
P(tstat 6 tcrit) 0.03 0.003

Fig. 4. Scanning Electron Microscope (SEM) images showing (a) the fracture surface of dry longitudinal high rate tension specimen delineating brittle failure and
delamination and (b) the fracture surface with tubules identified in the circles.

Fig. 5. Scanning Electron Microscope (SEM) images of (a) the fracture surface of a wet longitudinal high rate specimen, (b) the zoomed in fractured tubule fibers and (c) the
keratin matrix showing ductile failure. Although not shown here the fiber pullout and matrix ductility were greater for the wet specimen when compared to the dry
specimen.
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Fig. 6. Scanning Electron Microscope (SEM) images showing the fracture surface of a dry radial high rate tension specimen showing (a) brittle failure and tubule debonding
circled in white. (b) Image showing the tubule zoomed in.

Fig. 7. Scanning Electron Microscope (SEM) images showing (a) the fracture surface of a wet radial high rate tension specimen with delaminated tubule region highlighted in
white and (b) a zoomed in region of the delaminated tubule.
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tions, a two-tailed T-test resulted in a P-value of 0.65, which
demonstrates that there is not a conclusive difference in the aver-
age strength values. In wet conditions, there is a negligible change
in compressive strength between fiber orientations. The greater
compressive strength in the longitudinal dry condition could be
due to the fibrous tubules resisting the lamellar buckling that
occurs in compressive loading.

The dry longitudinal tensile specimens withstood greater stres-
ses than the radial tensile specimens due to the previously men-
tioned fibrous keratin tubules that run the length of the horn,
causing the material to behave like a long fiber composite. The
fibers, often referred to as intermediate filaments (IFs), comprise
keratin molecules held together by hydrogen bonds and disulfide
cross-links [25,26]. These strong bonds are responsible for holding
the fibers together, which increase both stiffness and strength in
the longitudinal direction. The disulfide bonds also provide insolu-
bility in water [7]. Although both the tubules and matrix are made
of keratin, the fibrous structure of the fibers compared to the amor-
phous matrix causes this strength increase. This effect is similar to
recently created self-reinforcing thermoplastics. A common exam-
ple is self-reinforcing polypropylene composites, such as Tegris�,
Pure�, and Curv�. Such materials can consist of spun fibers or
extruded tapes woven into a fabric, then pressed into plates using
pressure and heat. The resulting composite is typically much stron-
ger than the parent material alone.

3.3. Strain rate dependence

Horn keratin demonstrates a clear dependence on strain rate in
both tension and compression. To demonstrate this, quasi-static
data [15] was combined with high rate testing results in Fig. 8.
The strain rate dependence occurs in both the longitudinal and
radial orientations (Figs. 8–11), but appears to be more substantial
in the longitudinal orientation shown in Figs. 8 and 9. The differ-
ence in rate values for the high strain rate testing are due to the
nature of the SHPB test. For compressive testing, the rate is con-
trolled by the air pressure applied to the striker bar. For tensile
testing, the rate is controlled by the pre-strain applied to the inci-
dent bar. The behavior of biological materials also affects the final
strain rate. As a result, difficulties arise when attempting to match



Fig. 8. Stress-strain test results from the longitudinal dry condition over different
stress states and strain rates. Note the increase in stress caused by higher strain
rates for both tension and compression. Positive and negative strain rates represent
tension and compression, respectively. Each curve consists of at least three tests.
Error bars denote standard deviation values. Quasi-static data taken from Trim et al.
[15].

Fig. 9. Stress-strain test results from the longitudinal wet condition over different
stress states and strain rates. High rate tensile loading caused the greatest increase
in stress. Positive and negative strain rates represent tension and compression,
respectively. Each curve consists of at least three tests. Error bars denote standard
deviation values. Quasi-static data taken from Trim et al. [15].

Fig. 11. Stress-strain test results from the radial wet condition over different stress
states and strain rates. Although high strain rates increased the stress response,
strain to failure was decreased. Positive and negative strain rates represent tension
and compression, respectively. Each curve consists of at least three tests. Error bars
denote standard deviation values. Quasi-static data taken from Trim et al. [15].

306 K.L. Johnson et al. / Acta Biomaterialia 48 (2017) 300–308
strain rates between tests while maintaining a quality signal. How-
ever, these difficulties do not affect the accuracy of the results.

The largest increase in strength occurred in the dry longitudinal
condition (Fig. 8) during compressive loading, when the ultimate
Fig. 10. Stress-strain test results from the radial dry condition over different stress
states and strain rates. The strain rate dependence is minor in the radial dry
condition. Positive and negative strain rates represent tension and compression,
respectively. Each curve consists of at least three tests. Error bars denote standard
deviation values. Quasi-static data taken from Trim et al. [15].
strength increased from 81 MPa to 151 MPa as the strain rate
increased from 0.003 s�1 to 1300 s�1. The dry longitudinal com-
pressive strength of 151 MPa at 1300 s�1 well exceeds that of poly-
carbonate at 2000 s�1, which was shown to be 117 MPa [27]. When
the moisture content increased to 35%, strain rate dependence
decreased (Fig. 9). In the radial orientation, the strain rate depen-
dence became less pronounced (Figs. 10 and 11). One notable
observation is that for the wet condition for both orientations,
the strain rate dependence was greater in compression. For the
dry condition, the strain rate dependence was greater in tension.

The demonstrated increase in stress at higher strain rates is
very significant considering the function of the horn. As shown in
Fig. 9, the energy absorbed by the horn is much higher for both ten-
sion and compression at higher strain rates when compared to
lower strain rates. At 45% strain, the keratin absorbed 114% more
energy in tension and 192% more energy in compression. Because
greater energy is absorbed at larger strain rates, the animal is able
to withstand greater violent impacts while resisting fracture and
injury.
3.4. Stress state asymmetry

Stress state asymmetry is an important material property to
elucidate in keratin due to the material undergoing many deforma-
tion events involving both tension and compression. Based on the
results in Fig. 10, the mechanical behavior in the radial dry condi-
tion showed significant asymmetry. In this condition, tensile load-
ing produced very similar results in both failure strength and strain
for low and high strain rates, including lower strength and very
low ductility. During compressive loading the stress-strain behav-
ior differs greatly, particularly at the 0.003 s�1 strain rate, which
exhibits an initial yield, plateau region, and subsequent densifica-
tion. The change in mechanism could be due to the relatively weak
interfacial strength between the lamellar layers and keratin
tubules, which is exacerbated by tensile loading.

Moisture also presented an interesting effect on the stress state
asymmetry in the longitudinal orientation, which is shown in
Fig. 12. Under high rate loading, the moisture content reversed
the stress state that caused the highest yield strength. In dry con-
ditions, compression caused the highest yield strength. In wet con-
ditions, the highest yield strength came from tensile loading. This
is the first time that the authors’ are aware that moisture induces
a yield stress asymmetry that reversed.



Fig. 12. High rate results from the longitudinal orientation in different stress states
and moisture contents. The addition of moisture produced a stress state asymmetry
reversal. Compression caused the highest yield strength in dry conditions, while
tension caused the highest yield strength in wet conditions. Each curve consists of
at least three tests. Error bars denote standard deviation values.
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4. Conclusions

The horn keratin of bighorn sheep is well-suited for sustaining
impacts. Results show that while strength is reduced in the
hydrated condition, the large increases in ductility greatly enhance
the energy absorbed, or toughness, of the horn. This effect has been
reported in literature for quasi-static strain rates but not at higher
strain rates as reported herein. This research also revealed that ker-
atin exhibited a pronounced stress increase at higher strain rates
(similar to polymers), which further adds to the toughness of the
horn during impacts. Some key conclusions from the mechanical
testing of horn keratin are summarized below:

� As the applied strain rate that was applied to the Horn keratin
increased, the flow stress increased for any stress state and
moisture condition.

� As the moisture content increased in the Horn keratin, the duc-
tility increased but the strength decreased.

� The anisotropy of the Horn keratin was evident as the ductility
increased in the longitudinal orientation when compared to
the radial orientation, and the failure mode changed from
lamellar buckling in the longitudinally loaded orientation to
shear delamination in the radially loaded orientation.

� The stress state response of the Horn keratin was evident as the
tensile failure in the longitudinal orientation occurred by lamel-
lar delamination combined with tubule pullout and fracture,
whereas compressive failure occurred by lamellar buckling in
the longitudinal orientation and shear delamination in the
radial orientation.
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