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Yang etal. report that the Syncerus caffer horn sheath exhibits superior mechanical
properties when compared with other bulk natural materials reported. The
exceptional strength and toughness of the horn sheath can be attributed to the
critical characteristics of its heterogeneous curved corrugated lamellae.
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The critical role of corrugated lamellae
morphology on the tough mechanical performance

of natural Syncerus caffer horn sheath

Kang Yang,' Haotian Yu,' Xinru Cao," Juan Guan,’%7* Siyu Cai,* Zexin Yang,®> Wei Huang,”
Bin Wang,®’ Nannan Qin," Zihong Wu,®> Wenhan Tian,® Shihong Zhang,"-** and Robert O. Ritchie®*

SUMMARY

Horns from the Bovidae family represent extremely tough natural
composites that resist flexural and impact damage during combat.
However, the microstructure characteristics of these horns’ sheaths
and how this affects their mechanical properties remain to be
explored. In this work, we report that the Syncerus caffer horn
sheath exhibits the highest tensile strength of 183 MPa and fracture
energy of 36.8 MJ m 3, superior to other reported bulk natural ma-
terials. Comprehensive structure characterizations pin down the key
factors of the horn sheath as the corrugated lamellae morphology.
Finite-element modeling verifies that the critical characteristics of
curved corrugated lamellae have a profound effect on the flexural
and impact behavior. Furthermore, the ridge region for the highly
curved lamellar morphology corresponds to greater disulfide cross-
linking with ~2.6% sulfur, suggesting a purposeful evolution of the
heterogeneous composition. This work aims to provide insights into
the bio-inspired design of superior structural materials.

INTRODUCTION

The multi-scale structure and morphology of biological materials provides numerous in-
spirations for engineering synthetic materials.' One example of such natural materials
are animal horns from the Bovidae family, which are often subjected to bending and
impact loading during combat. The horned animals comprise cloven-hoofed, ruminant
mammals that include cattle, bison, buffalo, antelopes, and caprines. As these animals
only possess one set of horns throughout their individual lifetimes, and as a broken horn
cannot be naturally restored, the horn has evolved with characteristic damage resis-
tance.”” Asan example, the buffalo horn consists of a bony core and an outer skin layer
called the horn sheath.® The core is usually dissected into proximal, middle, and distal
sections, whereas the sheath consists of a keratin-based protein material that possess
both strength and toughness to withstand extreme loads.®’ The nanoscale conforma-
tion structure with high-density hydrogen bonding and disulfide crosslinking contrib-
utes to the strength and stiffness of the sheath.®® At the microscale, the strength and
toughness of horns as natural materials is significantly reduced upon hydration.®"?
Interestingly, such a hydration effect on the horn sheath can be utilized to make “smart”
shape-memory materials.”® At the macroscale, lamellar buckling and delamination,
along with extrusion densification, have been shown to enhance the toughness during

compression and impact loading of the horn.'*"®

In phylogeny, the Bovidae family can be divided into sub-families Bovinae, Capri-
nae, and Antilocapridae. Tubular structures mainly exist in the horn of bighorn
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Figure 1. Images of Syncerus caffer and its horn

(A) Photographic image of Syncerus caffer.

(B) Photographic image of Syncerus caffer horn.

(C) X-ray microcomputed tomography (u-CT) image of horn sheath sample. Green colored dots
represent defects in Syncerus caffer horn.

sheep, which belong to Antilocapridae. For this sub-family, the highly anisotropic
fibrous and tubular structure of the horn sheath has been ascribed to contribute to
its excellent mechanical properties, especially energy absorption.'’'® The Antelope
horn sheath is considered to represent a typical short-fiber reinforced composite
whose mechanical properties upon hydration can be predicted using a modified
Voigt estimate of composite stiffness.’” The interlaminar fracture toughness of this
sheath composite can be improved with fibers across the neighboring lamellae.”®
The tubular structure of the horn of bighorn sheep has been claimed to generate sig-
nificant toughness and energy absorption by promoting crack tortuosity and tubule
collapse?’??; oriented tubules have been shown to improve the resistance to dam-
age in both solid rhinoceros horn and hollow bighorn sheep horn.?? Similar tubular
structures are found in horse hoof, antler, and tooth and act to provide enhanced

toughness in these materials.?*~*’

Corrugated lamellae have been a critical morphology feature in Bovinae horn sheath
and are claimed to contribute to their superior mechanical performance.”*** How-
ever, there have been few systematic studies and quantitative evaluations of the
explicit effect of the corrugated lamellae structure, especially under both quasi-
static and impact loading conditions. Presumably, it is challenging to extricate the
specific role of the corrugated lamellae morphology from the other structural fea-
tures such as the nanoscale conformation structure and the fibrous morphology.
Coincidentally, corrugated lamellae have also been found in seashells such as Clino-
cardium spp. and Odontodactylus scyllarus, proven to contribute to the high tough-
ness of the shells.””*° With respect to bio-mimicry, bio-inspired corrugation-shaped
structures across multiple length scales have been designed?”*" into synthetic ma-
terials. For example, wavy/corrugated interfaces of composites promoted stronger
interfacial adhesion, and dovetail structures enhanced crack deflection during the
fracture process.*” Moreover, laminate composites involving wavy or interlocked in-
terfaces achieve considerably improved impact resistance compared with those with
traditional flat interfaces.” Accordingly, the intent of the current work is to present
an in-depth study of the characteristics of corrugated lamellae in natural Bovinae
horn sheath to discern the relationship between such microstructure architectures
and their toughness effect.

To achieve this objective, we select the Syncerus caffer horn sheath, shown in Fig-
ure 1, as a representative Bovinae horn sheath. Notably, our initial exploration in-
cludes three distinct types of horn sheaths from Syncerus caffer, Qinghai Yak, and
domestic cattle, as vividly portrayed in Figure S1. Among the three horn sheath ma-
terials, the Syncerus caffer horn sheath exhibits notably superior mechanical
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Figure 2. Layered structure model

(A) 3D models of homogeneous layered structure.

(B) 3D models of heterogeneous layered structure.

(C) Models with parameter settings for high curvature.

(D) Models with parameter settings for low curvature. Parameters: wavelength (W), amplitude (A),
and radius (R).

properties (as evidenced in Figure S2). The 3D structure from microcomputed to-
mography (micro-CT) indicates that the Syncerus caffer horn sheath possesses
primarily a dense structure, as opposed to being porous or featuring a tubular struc-
ture. Consequently, we concentrate on studying the Syncerus cafferhorn sheath. Itis
used as a model material (Figure 2) to reveal the toughening mechanisms associated
with the microstructure of corrugated lamellae. Experimental and simulation
methods are combined to investigate the deformation to failure processes under
tensile, flexural, and impact loading. We believe that this work can offer new insights
into the design of tough structural materials for applications where toughness prop-
erties are critical requirements.

RESULTS

Multi-scale structure of Syncerus caffer horn sheath

Earlier research proposed that the multi-scale structure characteristics of the horn
sheath contribute to such superior tensile and flexural strength and toughness.’**
Here, we illustrate the multi-scale structure of the Syncerus caffer horn sheath (Fig-
ure 3) to reveal the detailed structure of the lamellae and its relationship to the frac-
ture morphologies by breaking open the fractured samples in liquid nitrogen. The
fracture morphologies of the transverse and horizontal directions, shown in
Figures 3D and 3E, respectively, reveal the keratin microfibers as the reinforcement
within each lamellae. The snap-back fracture morphology of the fiber indicates the
tough behavior of the Syncerus caffer horn sheath after the liquid nitrogen
treatment.

X-ray diffraction (XRD), differential scanning calorimetry (DSC), and Fourier trans-
form infrared (FTIR) analyses in Figures S3 and S4 can indicate the differences in
the keratin structure of three sections of the horn sheath. XRD results in Figure S3A
showed little variation among the distal, middle, and proximal sections. The calcu-
lated crystallinity values across the three locations were very similar, approximately
7.5%. Despite that horn sheaths from different species may have highly variable
conformation structures,® the three sections from Syncerus caffer horn sheath ex-
hibited very similar conformation structure (~25% B-sheet) in Figure S4B. The
conformation contents were calculated using the software Peakfit from the Gaussian
function fit to the Amide | region (1,600-1,700 ecm™) according to an established
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Figure 3. Multi-scale structure of Syncerus caffer horn sheath

(A) Schematic diagram of multi-scale structure characteristics of Syncerus caffer horn.

(B-M) Lamellae model representation (B and H) and SEM images (C-G and I-M) of transverse microstructural characteristics (B and C-G) and horizontal
microstructural characteristics (H and |-M) in Syncerus caffer horn sheath. All the microstructure images were procured following brittle fracture of
samples in liquid nitrogen. In the SEM images, blue arrows designate specific features including layered structure, microfiber, peeled microfiber, scaly
interface, and fiber bundle, as itemized in the bottom left corners.

method.*¢ Furthermore, the DSC curves in Figure S3B indicated very similar struc-
ture changes among the three sections during the heating until the degradation.
Such results suggest that the condensed structure at the nanoscale should not
constitute the key variant to suffice the significant differences in the sectional me-
chanical properties of the Syncerus caffer horn sheath.

Mechanical properties of the Syncerus caffer horn sheath

The tensile and flexural stress-strain curves of the dehydrated Syncerus caffer horn
sheath material are shown in Figures 4A and 4B, with the fracture strength, elonga-
tion, and fracture energy values summarized in Figures 4C and 4D. Among the three
sections, the distal specimens exhibited the highest tensile strength (183 MPa) and
flexural strength (299 MPa) and also displayed the highest tensile fracture energy
(36.8 MJ m~3) and flexural fracture energy (60.4 MJ m~3). From the distal to the prox-
imal sections, the tensile/flexural strength decreased together with the elongation
and fracture energy. Specifically, an after-yield plateau can be seen in the stress-
strain curves of the distal/middle specimens, which achieved a high tensile elonga-
tion of ~25% (Figure 4A). The maximum flexural strain of the distal specimen was
~30% (Figure 2B). Similar trends of decrease from distal to proximal were seen in
the mechanical strength and elongation of the fully hydrated groups (Figure S5).

In addition, we conducted flexural tests to evaluate the performance of the trans-
verse orientation for comparison. As shown in Figure S6, the bending properties
of the Syncerus caffer horn sheath in the transverse direction showed similar trends
to those observed in the longitudinal directions. The distal part exhibited the highest
flexural strength, measuring approximately 299.9 MPa. These findings emphasize
the enhanced mechanical performance of the curved lamellae morphology in both
longitudinal and transverse directions.

It is important to note that the measured densities for the proximal, middle, and
distal sections were 1,250, 1,280, and 1,290 kg m~3, respectively. For each sample,
we quantified the specific tensile and flexural strength, as illustrated in Figure S7.
The trends of specific tensile and bending strength values from proximal to distal
sections resemble those of tensile/bending strength values. Additionally, thermog-
ravimetry (TG) analysis in Figure S3C revealed that the residual inorganic/mineral
contents post-carbonization were quite similar across all three sections, at roughly
42.5% at 400°C. These findings suggest that density and mineral content do not
constitute key factors influencing the sectional mechanical properties.

Figures 4E and 4F provide a comparison of the tensile and flexural strength of
various dry horn sheath materials studied in this work with those previously pub-
lished in the literature. 47202228 Most data of three Syncerus cafferhorn sheath ma-
terials from this work lie in the upper right corner, demonstrating excellent strength
and elongation properties.

Fracture morphologies of the Syncerus caffer horn sheath

The microstructures of the three sections of the horn sheath are shown in Figures 5B-5D.
The distal and middle regions display more corrugated lamellae structure compared
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Figure 4. Mechanical properties of dry Syncerus caffer horn sheaths

A) Tensile stress-strain curves.

B) Flexural stress-strain curves.

C) Tensile strength and elongation derived from the tensile stress-strain curves.
D) Flexural strength and elongations derived from the flexural stress-strain curves.

(
(
(
(
(E and F) Comparison of measured (E) tensile strength and (F) flexural strength versus elongation for
dry horn sheath materials with literature values,>¢ %2222

The error bars represented in (C) and (D) are based on standard deviations. P value represents the

probability that there is no significant difference between the two groups. P value represents
tprobability that there is no significant difference between the two sets of test results.

with the nearly flat-shaped lamellae in the proximal part, suggesting a gradual change
in curvature of the lamellae along the direction of growth. Simplified models of the var-
ied curved lamellae structures at the three positions are illustrated in Figures 5E-5G.
The two parameters to define the corrugation in the lamellae are the wavelength (W)
and amplitude (A), and the W/A ratio directly reflects the degree of curvature. W/A is
estimated to be ~4 for the distal section (Figure 5G) and ~6 for the middle section (Fig-
ure 5F). A lower value of W/A here represents a higher degree of curvature.

The macroscopic morphologies in Figures 5H-5J reveal that the highly curved
corrugated lamellas correspond to a complex crack path in the distal part. Unlike
the single crack in the proximal sample denoting a catastrophic fracture, the crack
in the distal part undergoes multiple deflections. Furthermore, the fracture mor-
phologies along the lateral direction in Figures 5K-5M reveal multiple layered frac-
tures and a scaly fracture pattern (highlighted in colored dashed lines) in the distal

6 Cell Reports Physical Science 4, 101576, September 20, 2023
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Figure 5. Fracture morphologies after tensile/flexural tests

(A) Photographic image of Syncerus caffer horn and the three sections.

(B-D) SEM morphology of fractured surfaces of the (B) proximal, (C) middle, and (D) distal regions.
(E-G) Lamellae structure models of the (E) proximal, (F) middle, and (G) distal regions.

(H-J) Photo images of the fractured flexural specimens from side views for the (H) proximal,

(1) middle, and (J) distal regions.

(K-M) Corresponding SEM images along the lateral direction inside the fractured flexural
specimens for the (K) proximal, (L) middle, and (M) distal regions of the Syncerus cafferhorn sheath.

part. These fracture morphologies suggest a correlation between corrugated struc-
ture and crack deflections. Additionally, secondary deflections of the major crack
was detected in the single-edge notched specimen under three-point bending
(Figure S8).

To comprehensively understand the effect of corrugation, we further studied the
distal specimens of the horn sheaths from Qinghai yak and domestic cattle (Fig-
ure S1). The stress-strain curves and derived properties in Figure S2 showed that
the domestic cattle horn sheath displayed the lowest strength and elongation.
Microstructure analysis in Figure S9 revealed that the Qinghai yak samples
possessed clear corrugations in their lamellae structure, whereas we only observed
a nearly flat-shaped lamellae structure in the domestic cattle samples. These results
further supported our contention that the corrugation in lamellae is related to the
mechanical strength and toughness of horn sheath materials.
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Figure 6. Simulation results from the layered corrugated lamellae models without a
heterogeneous conjunction layer under tensile loading

(A) Tensile force-displacement curves of flat-shaped lamellae (FL), corrugated lamellae with low
curvature (CL-L), and corrugated lamellae with high curvature (CL-H).

(B) Stress nephogram and fracture characteristic of FL, CL-L, and CL-H during the tensile
deformation.

Modeling of the effect of corrugation on the mechanical behavior of the horn
sheath

To explore the effect of corrugation quantitatively, models based on the finite-
element method (FEM) were constructed (Figures 2, 6, and S10). An elastoplastic
constitutive relationship was used to describe the stress-strain behavior of the
horn sheath based on a lamellae model.*’ Previous FEM studies have focused on

38-40 whereas

the conical structure of the whole horn and the porous bone core,
the simulations in the present work are centered on the corrugated structure

of the Bovinae horn sheath.

First, three simple models were established including flat-shaped lamellae (FL) and
lamellae with low curvature (CL-L) and high curvature (CL-H). The models were sub-
ject to various loading modes involving tensile, flexural, and drop-weight impact.
Under the tensile mode, the FL model yielded the highest strength and toughness
(Figure 6B). Interestingly, the CL-L model for low-curvature corrugated lamellae ex-
hibited a tensile strength similar to that for the FL model but that was ~60% higher
than that of high-curvature model CL-H. Such results imply that the corrugations in
lamellae would appear to impair the mechanical properties, which is inconsistent
with the experimental results mentioned above. The tensile stress diagram and
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Figure 7. Analysis of heterogeneous corrugated structure

(A) SEM image of the microstructure of distal part in Syncerus caffer horn sheath.

(B) Element analysis of sulfur from EDS spectra and XPS in the valley region.

(C) Element analysis of sulfur from EDS spectra and XPS in the ridge region.

(D) Content of sulfur derived from XPS analysis and modulus values from nanoindentation tests for
the valley and ridge regions.

The error bars represented in (D) are based on standard deviations.

fracture morphologies in Figure 6C showed that the corrugated structure induced a
non-uniform stress field, with the resulting severe stress concentrations leading to
premature catastrophic failure.*’ The stark discrepancy between the experimental
observations and the results of this numerical analysis establish that such a simple
model of the corrugated lamellae is inadequate to simulate the superior mechanical
performance of Syncerus caffer horn sheath.

Biologically, horn is formed through processes of cell proliferation, cornification, and
keratinization under natural conditions.*” In the basal layer of the epidermal tissue,
basal cells grow and proliferate in small vessels, then transform to the stratum cor-
neum cell type, marked by keratin filament aggregation and the formation of inter-
molecular disulfide crosslinks.** Presumably, cell differentiation from epidermal cells
to keratinocyte may generate non-uniform/-heterogeneous corrugated lamellae. A
formation mechanism for the structure in Syncerus caffer horn sheath with keratin ag-
gregation is illustrated in Figure S11. Such cell differentiation processes can be
affected by external stresses, as Wolff's Law proposes for bone osteocyte during
growth.***> As the ridge region of the corrugated lamellae usually experiences
greater stresses,’® it may promote keratinization and produce more keratinocytes.

Evidently, we performed qualitative/semi-quantitative analysis of the sulfur content
at different locations using scanning electron microscopy (SEM) and energy-disper-
sive spectroscopy (EDS) spectra in Figure 7. The analysis revealed that the ridge re-
gion of the corrugated lamellae structure exhibited a higher sulfur content
compared with the valley region. To further quantify the sulfur content, X-ray photo-
electron spectroscopy (XPS) analysis was also employed. The results in Figures 7B
and 7C confirmed that the sulfur content varied from a maximum of 2.6% at the ridge
to a minimum of 2.1% at the valley. Additionally, we conducted nanoindentation
tests to assess the local modulus of the ridge and valley regions, as shown in
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Figures S12 and 7D. The results demonstrated that the ridge region exhibited a
much higher indentation modulus of 12.5 GPa than the 4 GPa of the valley region.
Such results of XPS, EDS spectrum, and nanoindentation experiments indicate a
higher degree of keratinization and crosslinking and thus rigidity in the ridge region,
consistent with the above proposed formation mechanism. In light of the biologjical
mechanism, the models were amended to incorporate the heterogeneous chemical
structure of the keratinization of the horn sheath structure, shown in Figure 2B.

Based on considerations described above of the formation of the heterogeneous
corrugated lamellae structure with keratin fibers at the ridge region, modified
models with a conjunction layer (C) were further developed to simulate the greater
degree of keratinization at the ridge region in the Syncerus caffer horn sheath, as
illustrated in a schematic diagram in Figure 8; these are termed FL-C, CL-L-C, and
CL-H-C, respectively, for flat-shaped lamellae and for lamellae with low curvature
and with high curvature, respectively, all with a conjunction layer. At the ridge region
of the distal horn sheath with greater curvature, the conjunction layers are taken to
have a higher stiffness and lower ductility. Consequently, based on the predicted
force-displacement curves in Figures 8A and 8B, the CL-H-C model showed the
highest strength and toughness (Figure 8A), which corresponds well with the exper-
imental results. According to the fracture surfaces in Figure 8C, the CL-H-C model
displayed local ductile fracture characteristics, which were absent in the results
from the FL-C and CL-L-C models. This illustrates that the toughening effect is ex-
erted by the corrugation and the heterogeneous designs in the lamellae structure.

Furthermore, simulations under three-point bending mode in Figures 8B and 8D
showed that the corrugated lamellae structure exhibits superior mechanical perfor-
mance to the flat-shaped lamellae structure. However, the addition of the conjunction
layer only marginally affected the results (c.f. Figures 8B and S9). This implies that the
corrugated lamellae are more advantageous for elevating the flexural stiffness and
toughness. The rough fracture morphologies of the corrugated lamellae shown in Fig-
ure 8D also confirmed that the corrugations can induce crack deflection, which serves
to enhance the extrinsic toughness. However, if the degree of curvature is excessive,
greater incipient damage appears to reduce the plasticity due to stress concentration.

To further investigate the effect of interfacial adhesion between lamellae, a new set
of models were constructed to incorporate an enhanced interface layer between
lamellae. Simulations under tensile and three-point bending modes in Figures S13
and S14 show that lamellae with greater interfacial strength do improve the effi-
ciency of the strengthening and toughening of the corrugated lamellae.

DISCUSSION

As shown in Figures 4E and 4F above, the Syncerus caffer horn sheath exhibits excel-
lent strength and toughness among all kinds of horn sheaths. Particularly, the Synce-
rus caffer horn sheath exhibits both high strength and high ductility, which are often
mutually exclusive properties for many materials. Further, we compare the tensile
and flexural properties of the Syncerus caffer horn sheath with other natural mate-
rials, as depicted in Figure 9. The results suggest an unparalleled superiority of
horn sheaths in terms of flexural properties, displaying exceptional strength and
elongations that surpasses all other bulk natural materials. When assessing tensile
properties, the strength and toughness of the Syncerus caffer horn sheath outdo
all other bulk natural materials but fall slightly behind fibrous materials like spider
silk. This discrepancy is attributed to the size effect. Hence, it is reasonable to
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Figure 8. Simulations of corrugated lamellae models with heterogeneous conjunction layer under tensile and flexural loading
(A and B) Tensile (A) and flexural (B) force-displacement curves from the FL-C, CL-L-C, and CL-H-C models.
(C and D) Stress nephogram and fracture characteristics of the tensile (C) and flexural (D) tests.

conclude that the Syncerus caffer horn sheath stands out as the most formidable in
terms of strength and toughness among all identified natural bulk materials. A deep
understanding of its toughening mechanism can greatly facilitate the development
of high-performing bio-inspired materials.

To unravel the primary toughening mechanism within the Syncerus caffer horn
sheath, we examine the density, mineral content, crystallinity, conformational struc-
ture, and morphology of the proximal, middle, and distal sections, as detailed in Fig-
ures 5, S3, and S4. The analysis reveals negligible differences in density,
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Figure 9. Comparison of mechanical properties between Syncerus caffer horn and other natural
materials

Tensile (A) and flexural (B) properties of various representative natural materials®’~>® in comparison
with the Syncerus caffer horn sheath from our study.

composition, and nanostructure across these positions. However, stark contrasts
emerge in the corrugated morphology of the microstructure. Notably, the distal sec-
tion, marked by a superior W/A ratio in its corrugated structure, registered the high-
est values for both specific tensile strength (around ~141.5 kPa/kg m~3) and specific
flexural strength (approximately 232 kPa/kg m—3). Consequently, through a method
of elimination, we pinpoint the corrugated structure as the probable pivotal tough-
ening structure within the Syncerus caffer horn sheath.

The fracture morphology and crack propagation observed post-flexural experiment
further substantiate the effect of the corrugated structure (Figure 5). As previously
mentioned, the presence of multiple deflections and a phased fracture pattern in
the distal section imply a link between the corrugated structure and crack deflection.
Indeed, these cracks are in directions perpendicular to the plane of maximum tensile
stress in the flexural sample, indicating very large crack deflections ~90° along the
longitudinal direction. These crack deflections by the greater curvature of the corru-
gated lamellae structure with greater curvature can locally elevate the toughness in
the longitudinal direction by a factor of almost 2. Usually, the two important factors
dictate the crack deflection: the plane of maximum tensile stress and the path of
weakest microstructure.®’ The corrugated lamellae with laterally asymmetric shapes
and heterogeneous compositions can lead to varied regional stiffness in Syncerus
caffer horn sheath. This infers that corrugations can lead to more crack deflections
and hence a tougher behavior.

By utilizing finite-element simulation, it was observed that the corrugated structure
model’s mechanical simulation results align with flexural experiments but deviate in
the tensile experiments. By analysis with SEM, XPS, and EDS, we pinpoint a hetero-
geneous corrugated structure within the Syncerus caffer horn sheath, characterized
by local stiffening at the ridge region. Based on these findings, we optimize the
corrugated structure model, leading to simulation results that mirror experimental
data. This comparative approach between experimental and simulation studies
deepens our grasp of the heterogeneous corrugated structure. We thus establish
a compelling correlation between the locally enhanced corrugated stiffness and
the mechanical performance.

The strengthening and toughening effect of corrugated structures has been
explored in previous research. We categorize the examined corrugated structures
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into distinct features, as delineated in Table S1. Firstly, the waviness structure in
nacre is predicated on separate inorganic tablets, not on a continuous phase, result-
ing in strain hardening and transverse expansion as primary toughening mecha-
nisms.*®>? Secondly, suture structures in the diabolical ironclad beetle and boxfish
are rooted in the fusion of dissimilar materials, where mechanical interlocking plays a
crucial role.®®®" Thirdly, the wavy layer stacking structure, consisting of rigid inor-
ganic and ductile organic phases, significantly enhances toughness.””*? Lastly,
nanoasperity denotes feature points on the nacre interface that deter interface slip-
page, even though they do not form a complete corrugated structure.®® Of the
various corrugated and corrugated-like structures described, the wavy layer stacking
structure closely echoes the internal corrugated configuration found in the Syncerus
caffer horn sheath, according to our findings. Both structures feature continuous
corrugated layers but diverge in two main aspects: firstly, the Syncerus caffer horn
sheath deviates from the typical overlapped layer structure of rigid inorganic and
pliant organic phases, consisting predominantly of keratin, an organic compound.
Secondly, our study highlights that the valley and ridge regions of the corrugated
structure possess a heterogeneous composition, where the increased rigidity at
the ridge region enables key strengthening and toughening effects. Based on the
fracture morphology observations and simulations conducted herein, we ascertain
that local stiffening is essential in corrugated morphologies exhibiting a heteroge-
neous structure. This could further enhance transverse expansion, facilitate crack
deflection, and construct intricate fracture pathways.

The Syncerus caffer horn sheath exhibits superior mechanical properties among
the horn sheath materials, with ~183 MPa tensile strength, ~299 MPa flexural
strength, and ~36.8 MJ m~2 tensile fracture energy. The distal, middle, and prox-
imal sections of the Syncerus caffer exhibit varied mechanical properties, proposed
to be highly correlated to varied corrugation morphology. Finite-element
modeling verifies that the corrugated lamellae structure can exert significant
strengthening and toughening effects under tensile, flexural, and impact loading
conditions. The heterogeneous structure stemming from the biological keratiniza-
tion process also plays a critical role within the corrugations to achieve the
strengthening effect. Such a close correlation between the heterogeneously corru-
gated lamellae structure and superior toughness should inspire new designs of su-
per-tough structural materials.

Although the effect of corrugated lamellae structure on the mechanical properties
of Bovinae horn sheath has been explored in this work, some questions remain un-
resolved. Specifically, it remains uncertain whether the corrugated lamellae struc-
ture operates effectively for different Bovinae horn species under various impact
loads, which is a recognized advantage of the horn.®* Future studies on Bovinae
horn sheath are therefore warranted, which will hopefully shed light on the
comprehensive design principles of new structural materials with superior damage
tolerance.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed
to and will be fulfilled by the lead contact, Prof. Juan Guan (juan.guan@buaa.
edu.cn).
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Materials availability
All stable and unique materials generated in this study are available from the lead
contact upon reasonable request.

Data and code availability
All of the data supporting this study have been shown in the article and supple-
mental information. Other related data are available from the corresponding author
upon reasonable request.

Materials

The Syncerus caffer horns studied in this work were obtained from a slaughter-
house in Anhui Province, China. Five fresh horns from different adult and healthy
animals were chosen to avoid any variability in age or disease. The sheath spec-
imens were conditioned to remove moisture and to achieve the same dry state.
Specifically, all specimens were treated in an oven at ~100°C for 48 h. Fully hy-
drated Syncerus caffer horn specimens were also prepared by immersing the
samples in phosphate-buffered saline (PBS) solution (0.01 M) for 2 days prior
to testing. Orientations and positions were carefully controlled to minimize the
non-focal structure variations. The long side of the majority of specimens in
this work was along the growth direction/longitudinal orientation of the horn.
Due to the small dimensions (<5 mm) along the radial direction, only a limited
number of specimens could be obtained for the transverse and radial orienta-
tions. Sectional specimens were prepared from the proximal, middle, and distal
sections, and the densities were determined using the Archimedes method. For
comparison, two Bovinae horns from Qinghai yak and domestic cattle were also
studied. A small number of transverse orientation samples were also studied to
compare with the longitudinal orientation. The results of the other two Bovinae
horn sheaths and transverse orientation samples are presented in the supple-
mental information.

Microscale morphology analysis

The microstructure of the Syncerus caffer horn sheath was evaluated by X-ray CT
(micro-CT, Bruker, SkyScan 2211, Saarbrucken, Germany), using 20 X 2.5 x
2 mm? horn samples. The experiment was conducted with a resolution of 5 um at
a 60 kV acceleration voltage and 80 pA current.

Fracture surfaces after tensile and flexural tests were examined using SEM (JSM-
6010) under the secondary electron mode at a 20 kV accelerating voltage. The
microscale morphology was obtained by immersing the specimens in liquid nitro-
gen for 3 min and quickly fracturing them. Cross-sections along longitudinal,
radial, and transverse directions were all prepared. EDS was utilized for element
analysis; for reproducibility, data collection in the same area was repeated >
10 times.

Structure analysis of keratin

FTIR spectra of the horn sheath were collected using an ATR-FTIR spectrometer
(Thermo Scientific, Alachua, FL, USA) over a wavenumber range of 700-
4,000 cm™" at room temperature (25°C). The peak deconvolution of conformations
in the amide | region (1,600-1,700 cm™") was conducted using PeakFit (v.4.12).
The peak type was Gaussian; the peak width at half height (full width at half
maximum) was set as 5 cm ™', with the peak positions assigned according to the
procedure defined in Cai et al.? The sulfur content was also determined by XPS
(Thermo Scientific Nexsa) with Al Ka. irradiation. TG analysis was conducted on a
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DTG-60H (Shimadzu, Japan) with a heating rate of 10°C in air atmosphere from
25°C to 400°C. DSC (DSC25, TA Instruments, New Castle, DE, USA) was tested
from 25°C to 200°C at a rate of 20°C min~'. The crystallinity was determined
from XRD (Ultima IV Rigaku, Tokyo, Japan).

Mechanical characterization

Uniaxial tensile tests were conducted with dumbbell-shaped specimens on a screw-
driven testing machine (Instron 8801, Instron, Norwood, MA, USA), operating at a
displacement rate of 2 mm min~". Due to the small sizes and irregular shapes of nat-
ural materials, tensile tests could not be conformed according to standard test
method, such as ASTM standard. Instead, the tensile tests were conducted following
the cutting dimensions used in Yang et al.>® Flexural tests were performed on 30 mm
long rectangular specimens, 3 mm thick by 8 mm wide, in accordance with ASTM
Standard D790-07 using Instron 5565 screw-driven testing machine equipped with
a 50 kN load cell. In addition a set of single-edge notched specimens were tested
in three-point bending using a displacement rate of 1 mm min™". The tensile and
flexural tests were carried out with pre-loads set at around 1 N. All the samples
were cut by water jet cutter. For each test position on the horn sheath, we collected
five sets of samples for testing.

The flexural stress and strain were computed using the following formulas:

g = ()l_izd,and (Equation 1)
3P/ .
of = bR (Equation 2)

Nanoindentation tests were conducted using a Hysitron TI950 Triboindenter equip-
ped with a three-sided pyramidal Berkovich diamond indenter. The load control
mode was adopted with a peak load of 25 mN. Five indentations were conducted
at each of numerous different positions.

Cohesive finite-element simulation

Cohesive finite-element modeling was conducted under tensile, bending, and
drop-weight impact loadings. The modeling was based on a linear elastoplastic
constitutive traction separation law determined by a damage initiation criterion, a
damage evolution criterion, and a softening law. Models of lamellae structures
were constructed and the parameters were set as radius (R) and span (S), as shown
in Figure 2. The stiffness, strength, and elongation determined by the simulated
model were obtained from the experimental tensile properties measured in this
study on the proximal part in Syncerus caffer. The interfacial adhesion between
the lamellae in the Bovinae horn sheath was simulated by a cohesive contact.
Further details are given in Note S1. On average, we used approximately 50,000
elements in our models. It helped us maintain a balance between computational
efficiency and accuracy of our results. Model parameters including modulus, Pois-
son'’s ratio, yield strength, ultimate strength, and elongation were set as 2.9 GPa,
0.3, 150 MPa, 180 MPa, and 25%, respectively. Besides, the explicit dynamics
solver was adopted.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101576.
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