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The pangolin has a flexible dermal armor consisting of overlapping keratinous scales. Although they show potential for
bioinspired flexible armor, the design principles of pangolin armor are barely known. Here we report on the overlap
organization, hierarchical structure (from the nano to the mesolevel), and mechanical response of scales from ground
(Chinese) and arboreal (African tree) pangolins. Both scales exhibit the same overlap organization, with each scale at
the center of neighboring scales arranged in a hexagonal pattern. The scales have a cuticle of several layers of loosely
attached flattened keratinized cells, while the interior structure exhibits three regions distinguished by the geometry and
orientations of the keratinized cells, which form densely packed lamellae; each one corresponds to one layer of cells. Un-
like most other keratinous materials, the scales show a crossed-lamellar structure (~5 pm) and crossed fibers (~50 pm).
A nano-scale suture structure, observed for the first time, outlines cell membranes and leads to an interlocking interface
between lamellae, thus enhancing the bonding and shear resistance. The tensile response of the scales shows an elastic
limit followed by a short plateau prior to failure, with Young’s modulus ~1 GPa and tensile strength 60—100 MPa. The
mechanical response is transversely isotropic, the result of the cross lamellar structure. The strain rate sensitivity in the
range of 10 °-10"" s ! region is found to be equal to 0.07-0.08, typical of other keratins and polymers. The mechanical
response is highly dependent on the degree of hydration, a characteristic of keratins.
Statement of Significance

Although many fish and reptiles have protective scales and carapaces, mammals are characteristically fast and light.
The pangolin is the only mammal possessing a flexible dermal armor for protection from predators, such as lions. Here
we study the arrangement of the scales as well as their hierarchical structure from the nano to the mesolevel and correlate
it to the mechanical properties. The study reveals a unique structure consisting of crossed lamellae and interlocking su-
tures that provide exceptional performance and in-plane isotropy.

© 2016 Published by Elsevier Ltd.

1. Introduction

Pangolin scales are hard keratinous tissues which are among the
toughest biological materials, according to the Ashby map [1]. The

Nature offers a plethora of structures with remarkable efficiency
(performance per unit mass) for tailored functionalities, which are su-
perior to those of many current engineered materials [1,2]. The design
and mechanical functions of biological (natural) materials are, there-
fore, the subject of the emerging field of biological materials science,
the ultimate goal being the development of novel bioinspired materials
[3-6]. The particular tactics of how each biological component fulfills
mechanical needs depend on its mechanical properties that are struc-
ture sensitive [7]; thus, exploring the direct link between the specially
organized microstructures and the mechanical functions is fundamen-
tally indispensable and increasingly attractive to expand the current
knowledge and to create new materials.

* Corresponding authors at: Materials Science and Engineering Program, University of
California, San Diego, CA 92093, USA.

Email addresses: wey005@eng.ucsd.edu (W. Yang); mameyers@eng.ucsd.edu
(M.A. Meyers)

http://dx.doi.org/10.1016/j.actbio.2016.05.028
1742-7061/© 2016 Published by Elsevier Ltd.

pangolin is the only known mammal with this distinguishing adap-
tation: overlapping scales covering the body as flexible dermal ar-
mor [8]. Fig. 1a shows the protective function: the pangolin, when
threatened by predators (in this case, a lion), curls up into a ball with
only the hard and sharp-edged scales projecting outwards, providing
protection and defense. The name, pangolin, comes from the Malay
word, pengguling, meaning “something that rolls up” (Oxford dictio-
nary). In 1820 an armor coat made of pangolin scales was presented
to the King George III (Fig. 1b). The pangolins are nocturnal animals
and feed on ants and termites, thus obtaining the alternative name,
scaly anteaters. They are found naturally in tropical regions through-
out Africa and Asia. There are eight species of pangolins, which are
often divided into ground pangolins that dig and remain in under-
ground burrows, and arboreal pangolins living in hollow trees. Typi-
cal ground pangolin (Chinese pangolin) and forest pangolin (African
Tree pangolin) and their scales are shown in Fig. 1c, d. The African
tree pangolins have relatively long tails (about 54% of total length) to
help in climbing and hanging on trees, and the scales show a much
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Fig. 1. (a) The protective function of the pangolin scales from the lion (predator) (http://www.animal-space.net/2010/12/lion-vs-pangolin.html); (b) an armor coat made of pangolin
scales (http://commons.wikimedia.org/wiki/File:Coat of Pangolin_ scales.JPG?uselang=zh-cn); (c) Chinese pangolin (ground type) (http://commons.wikimedia.org/wiki/File:Zoo
Leipzig - Tou Feng.jpg) and the scale; (d) African Tree pangolin. Arrows indicate the scale growth direction.

higher ratio of length over width than those of the Chinese pangolin
(the scale length is parallel to the scale growth direction indicated by
red arrows). The scales and skin make up about 25 wt% of the pan-
golin’s body mass [9], and the scales cover everywhere of the animal
except the ventral head, ventral trunk, the inner surface of the limbs,
and the foot pads [10]. Pangolin scales originate from the thick skin
and continue to grow throughout the life like hair and fingernails, re-
placing wear loss (scale growth direction indicated by red arrows in
Fig. 1b, ¢) [10]. The number of scales remains constant during adoles-
cence [11].

The protective function and toughening mechanisms of the pan-
golin scales have not been studied in detail, since they are not as well-
known as their curl-up defense [12,13]. From limited reports based
on the histological structure and distribution of bound phospholipids,
bound sulthydryl groups, and disulfide bonds [13], pangolin scales
can be divided into dorsal, intermediate and ventral regions through
the cross section. This was suggested to be homologous with primate
nails, whereas other investigators report that the pangolin scales con-
sists of both a- and p-keratins [14], a feature of reptilian scales. Ker-
atinous materials, e.g. wool, hoof, reveal a hierarchical structure [6]:
inside the cells polymer chains assemble into intermediate filaments
(IFs); then the IFs and amorphous matrix proteins may be further orga-
nized into macrofibrils and fibers for wool [15], or into fibrils and then
lamellae for horns [16] and hooves [17]. In addition, the cells (ker-
atinocytes) may encompass several macrofibrils for wool with spin-
dle-shaped morphology (100 pm long) [18], may be arranged concen-
trically as lamellae (each lamella consists of one layer of cells) for
horns [16] and hooves [19], or may be simply glued together for bird
beaks [20]. However, corresponding information for pangolin scales is
absent, and thus investigations on the protective function and toughen-
ing mechanisms are key to the understanding of biological materials.

There are few studies on the mechanical characterization on pan-
golin scales including abrasive properties [14,21], and hydration ef-
fect [22], since the scales need exceptional wear resistance for burrow-
ing. In abrasion, a rotary disc drives wet abrasive sliding against scale
specimens, and results from different abrasives and different sliding
orientations were analyzed [14]. In dry tribological tests, the wear be-
havior of a steel block sliding against scale specimens under different
loads and velocities was reported [21]. The water-induced recovery of
mechanical properties via indentation and bending of pangolin scales
was examined [22]. On the other hand, the correlation of the mechan-
ical behavior to the nano- and micro-structures of pangolin scales re-
mains significantly insufficient.

In an aim to understand the distinct protective function of pangolin
scales, the present work investigates the overlapping mechanism, mi-
crostructure and mechanical properties. The organization of pangolin
scales is compared with other scales; the morphology and the structure
of pangolin scales are characterized and correlated to the mechanical
behavior. Pangolin scales from both ground and arboreal types were
examined. The findings and analyses presented are aimed at providing
fundamental knowledge to the development of new bioinspired armor
designs.

2. Materials and experimental procedures
2.1. Materials

Typical scales from ground pangolins found in southern Asia, Chi-
nese pangolin (Manis pentadactyla), and from typical arboreal pan-
golins in central Africa, African tree pangolin (Manis tricuspis) were
studied in this work. The Chinese pangolin scales are dark brown
or yellow-brown, and have dimensions 10-30 mm wide, 20-40 mm
long and 0.4-3 mm thick; the African tree pangolin scales
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are russet or brownish yellow, and in average 18 mm wide, 40 mm
long [11] and around 1.5 mm thick (Fig. 2). According to the shape
and location on the body, two types of scales are observed: trunk
scales, representative of the majority, with elongated or broad rhombic
shape (Fig. 2a and b for African tree and Chinese pangolin scales, re-
spectively), and scales at the tail edges with a folding shape at the mid-
dle of the scale with an average angle of 70-90° (Fig. 2c). The scales
show longitudinal ridges on external surface (indicated by blue lines
in Fig. 2a, b) parallel to scale growth direction (growth line, red arrow,
Fig. 2a, b). The Chinese pangolin scales from a host with unknown
age were bought from a pharmacy in China, and might have been
treated by boiling water (boiling water does not significantly affect
the mechanical properties, see Supplemental Fig. S1). The African
tree pangolin scales were obtained from the San Diego Natural His-
tory Museum (the deceased African pangolin skin was stored in a
dry container and only the internal surface of skin was preserved in
a salt environment). Both kinds of scales were stored in dry con-

(b)

|
(a) S(?a e se

tainers in the laboratory with 50% relative humidity at room tempera-
ture before examination.

2.2. Structural characterization

2.2.1. Optical microscopy

The Chinese and African tree pangolin scales were cut to ob-
tain samples with external surface (ex surf), internal surface (in surf),
transverse cross section (tran-cs, perpendicular to the longitudinal
ridges) and longitudinal cross section (long-cs, parallel to the longitu-
dinal ridges) for observation. The sampling of cross sections is illus-
trated in Fig. 2. All samples were mounted in epoxy (Buehler, Epoxy
Resin and Epoxy Hardener), ground with graded sand papers (140#,
240%#, 320#, 600#, 800, 1200#, 1500#) and polished using pastes (Alu-
minum oxides, 0.3 pm and 0.05 pm) on a LECO VP-160 machine.

ale base (g

Scale tip

Fig. 2. Pangolin scales and sample preparation. Typical rhombic scales from (a) African pangolin and (b) Chinese pangolin, the scale growth direction from base to tip is shown
(red line and arrows); the longitudinal ridges on external surface are indicated by blue lines. The longitudinal and transverse directions are parallel and perpendicular to longitudinal
ridges. (c) The second type of scales with folding shape located at the tail edges of pangolin. Tensile specimens cut from (d) Chinese pangolin scales and (e) African pangolin scales
in longitudinal orientation (Long-Ori) and transverse orientation (Tran-Ori). (f) Compression specimens tested in different orientations: loading through thickness orientation (T-Ori),
loading along growth line direction (para-line) and loading perpendicular to growth line direction (Perp-line); blue lines represent longitudinal ridges on external surface and the
transverse cross section (tran-cs); longitudinal cross section (long-cs) are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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2.2.2. Fluorescence microscopy

Scales were cut into small cubes and mounted in epoxy with tran-
cs exposed and polished using the same procedure as optical micro-
scopic observation. A fluorochrome technique involving Congo red,
Titan yellow and Thioflavine T [13,23], with certain modifications
was used. Cubic mounted specimens were washed in ethanol and de-
hydrated prior to staining. 0.02% Congo red was made and matured
for 24 h, and specimens were immersed in a staining mixture of two
parts of Congo red and one part of 0.1% Titan yellow for 1-2 h.
The specimens were rinsed in distilled water and immersed in 0.1%
Thioflavin T for 3 min. After that, they were rapidly rinsed, dehy-
drated through a series of graded ethanol solutions (50%, 70%, 80%,
95%, 100%, 100%, 15 min for each), and examined under ultraviolet
light using an Axio Fluorescence Microscope. The keratinized cells of
pangolin scales fluoresce mainly blue and the cell profiles could be
readily observed.

2.2.3. Scanning electron microscopy

Scales were cut into small blocks with external and internal sur-
faces to examine. The tran-cs and long-cs samples were prepared via
freeze fracture: scales were manually fractured after being submerged
in liquid nitrogen. Then samples were fixed in 2.5% glutaraldehyde
for 2.5 h, dehydrated completely in a progressive manner in graded
ethanol solutions (30%, 50%, 75%, 80%, 95%, 100% twice, each for
30 min) and then placed in a critical point drying machine. All sam-
ples were coated with iridium prior to observation. Samples after ten-
sile tests, microindentation and compression were directly coated with
iridium for observation. For comparison, hair and feather rachis strips
were deformed axially to fracture in tension, under conditions simi-
lar to the pangolin. The fractured segments were coated with iridium
for observation. The hair was obtained from one of the authors, B.
Wang, and the feathers were obtained from collected birds that died
of natural causes (Federal Fish and Wildlife permit issued by US Fish
and Wildlife Service). Phillips XL30 environmental scanning electron
microscope equipped with energy dispersive X-ray detector and FEI
XL30 Ultra High Resolution scanning electron microscope were used.

2.2.4. Transmission electron microscopy

A TGA-O,0, (thioglycolic acid — osmium tetroxide) staining
method [24] combined with post-staining of lead was used. Small
blocks of pangolin scales (approximately 2 mm X 2 mm X 1 mm)
were cut and pre-treated by immersing in 0.5 M Thioglycolic acid (pH
5.5) for 24 h at room temperature to enhance the contrast. Then the
specimens were washed with double-distilled water for 1 h and im-
mersed in 1-2% aqueous osmium tetroxide (O,0,) for 3 days at room
temperature. Afterwards, the stained specimens were washed with dis-
tilled water, dehydrated to 100% ethanol through a series of graded
alcohol solutions and then transited to 100% acetone through a graded
mixture of ethanol and acetone. Then specimens were infiltrated using
Spurr’s low viscosity epoxy resin through a series of solutions with
increasing amount of resin and decreasing amount of acetone (25%
resin + 75% acetone, 50% resin + 50% acetone, 75% resin + 25% ace-
tone, 90% resin + 10% acetone, 100% resin, 100% resin), each taking
one day. Specimens were then placed in fresh resin and polymerized
with appropriate orientation for 2 days at 65 °C. The embedded sam-
ples were trimmed and sectioned on a Leica Ultracut UCT ultramicro-
tome using a diamond knife. Silver sections were picked up and post-
stained with lead for 60 s. An FEI Tecnai 12 (Spirit) (120 kV) electron
microscope was used for examination.

2.3. Mechanical testing

2.3.1. Microindentation

The scales were cut into small blocks and mounted in epoxy with
external surface, internal surface, transverse and longitudinal cross
sections (tran-cs and long-cs) exposed. All samples were ground with
graded sand papers and polished using the same sample procedure
as optical microscopic observation. The well-polished samples were
tested using LECO M-400-H1 (LECO, Michigan) with an applied
load of 100 g holding for 15 s. Indentation measurements were per-
formed on the external surface and internal surface along the growth
line direction from scale base to tip, and on tran-cs and long-cs
through scale thickness direction. Each data point reported is an aver-
age of three measurements.

2.3.2. Tensile testing

Dog-bone shape specimens were obtained using a laser cutting ma-
chine in longitudinal (Long-Ori, along the growth line) and transverse
orientations (Tran-Ori, perpendicular to the growth line), shown in
Fig. 2d, e. The dog-bone shape specimens had dimensions of 21 mm
in length, 1.8 mm in gauge width, and the gauge length of 8 mm. The
thickness varied from 0.69 to 1.29 mm for Chinese pangolin scales,
and from 0.41 to 0.52 mm for African tree pangolin scales. All of
the samples were cut carefully to make sure that the gauge length re-
gion was sufficiently smooth, without curvatures or extrusions from
the inner surface. The side edges of the samples were polished using
a dremel tool to remove the laser-heat damage while the external and
internal surfaces remained untouched. An Instron 3367 equipped with
30 kN load cell was used. The tests were carried out at strain rates
ranging from 10 /s to 10™'/s at room temperature and relative humid-
ity of ~50%. The average of consistent measurements of four speci-
mens under each strain rate was reported. The fracture surfaces were
coated with iridium for scanning electron microscopy.

2.3.3. Compression testing

The scales were cut and polished to achieve the compression spec-
imens with a final dimensions of ~1.8 X 1.45 X 1.25 mm with some
variation due to the natural thickness of the scales. Compressive be-
havior of the scales with loading in three orientations was investigated,
as shown in Fig. 2f: through-thickness orientation (T-Ori) with com-
pressive loading applied on both external and internal surfaces, par-
allel to the growth line direction (para-line) with the loading applied
on tran-cs, and perpendicular to growth line direction (Perp-line) with
loading applied on long-cs. All specimens were sampled from the em-
bedded area of the scale, which is thicker than other parts of the scale.
The tests were carried out on Instron 3367 under strain rate of 10/s
at room temperature and humidity. Average of three measurements of
three specimens in each orientation was used.

3. Results and discussion
3.1. Scale overlapping mechanism

The architectural arrangement of overlapping scales shows inter-
esting features, and the Chinese and African tree pangolin scales ex-
hibit similar mechanism: each scale is in the center of neighboring
scales arranged in a hexagonal pattern, and the internal surface par-
tially covers three lower neighboring scales while the external surface
is partially covered by three upper neighboring scales. On the inter-
nal surface, the upper rhombic region of the scale (black outline) con-
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nects to the skin, while the lateral two triangular parts (blue outlines)
cover the neighboring bilateral scales, and the scale tip (green out-
line) covers the base of a lower scale; on the external surface, the
embedded area (above the yellow dotted line) is covered under three
upper neighboring scales, and the lower part is exposed (Fig. 3a, d).
Fig. 3b, e shows the assembly of both pangolin scales: on the internal
surface of scale (i), the side portions partially cover the laterally neigh-
boring two scales (ii) and (iii), and the scale tip partially covers the
base of the lower scale (iv); on the external surface of scale (iv), the
embedded area above the yellow dotted line is covered by three up-
per neighboring scales (ii), (i), and (iii). Fig. 3¢, f shows the schematic
of the overlapping pattern (dotted black, blue and green outlines rep-
resent internal surface, yellow dotted line represents external surface
overlaid on the scales). This allows the scales to fully cover and pro-
tect the pangolin skin when the body moves or even curls into a ball.
The arrangement of African tree pangolin scales differs from that
of Chinese pangolin scales in: (1) the shape and ratio of overlap-
ping on the internal surface of scale; the triangles on internal surfaces
in Fig. 3a and d are different, and the overlapping ratio on the inter-
nal surface (overlapped length over total length) for Chinese pangolin
scale is about 30%, while for the African tree pangolin scale is about
70%; (2) the overlapping ratio on the external surface (embedded

External surface

(a) Internal surface

length over total length), for Chinese pangolin scale is about 19%,
while that for African tree pangolin scales about 43%.

Since the African tree pangolins have scales more extensively
overlapped (higher overlapping ratios on both internal and external
surfaces), a point on the body is covered by three scale layers, sim-
ilar to the fish scales of striped bass [25]. The difference is attrib-
uted to their different habitats and behavior. The Chinese pangolins
walk on all fours very slowly, and dig burrows into the ground [26],
whereas the African tree pangolins mainly live in trees, which in-
volves more sophisticated body movements and higher degree of de-
formation. Their predators are also different. Therefore, the African
tree pangolin covered by extensively overlapped scales minimizes
the higher chances of skin exposure than the Chinese pangolin. Be-
sides, the African tree pangolin scales have much higher aspect ra-
tio (length over thickness, 66—85) than the Chinese pangolin scales
(10-30), which results in sharper edges, as shown in Fig. 1a, and a de-
terrent to even lions. This also helps to reduce the number of scales
needed to cover body due to the larger area of each scale, thus saving
weight.

Overlapping scales can slide and shift with respect to each other,
forming a flexible protective surface [27]. This has led to the his-
torically repeated use of scale armor by warriors. Understanding the
overlapping mechanism provides useful insight to the design of mod-
ern armor. Incidentally, Lorica Squamata is a flexible Roman armor

(d) Internal surface  External surface

Fig. 3. Overlapping mechanism of Chinese (a-c) and African tree (d-f) pangolin scales: each scale is partially covered by three upper scales, and covers three lower scales. (a) On the
internal surface, the upper rhombic area connects to the skin, the lateral parts (blue triangles) and the scale tip (green triangle) overlap with three lower scales; on the external surface,
the scale base above the yellow dotted line is embedded under upper three scales, while the region below the dotted line is exposed. (b) Assembling of the scales extracted from the
actual organization on pangolin: internal surface of scale (i) covers its lateral neighboring scales (ii) and (iii) and a lower scale (iv), and the external surface of scale (iv) is covered
by its upper neighboring scales (ii), (iii) and (i). (¢) Scales on a Chinese pangolin, with schematic drawings of overlapping mechanism from (a). (d) The internal and external surfaces
of African tree pangolin scales with similar features as in (a), except different geometry and dimensions. (¢) Assembling of the African tree pangolin scales, similar as that in (b). (f)
Scales on an African tree pangolin, overlaid with the overlapping mechanism from (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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inspired by scaled reptiles [28]. Overlapping scales are commonly
seen in fish, and their scalation patterns have been well documented
[29-31]. The architectural arrangement includes morphometrics of in-
dividual scales (aspect ratio and shape), inter-scale connections and
joints, the degree of imbrication, and scale orientation angle [32,33].

On the one hand, pangolin scales in this work show some simi-
larities to the overlapping structure of fish scales but exhibit differ-
ent scale sizes and thicknesses. The values of aspect ratio for pangolin
scales, 10-85, are in the range of fish scales, 25-100 [33], and the
thickness progressively decreases towards the scale tip with thickest
region around connecting to epidermis, a similar trend to fish scales
[25]. Secondly, the degree of imbrication calculated as exposed length
over total length of the scale measures the spatial overlap of fish
scales, and varies from 0.24 to 1 for sixteen species of fish [29]. Using
this definition, the degrees of imbrication of pangolin scales are about
0.81 (Chinese pangolin) and 0.57 (African tree pangolin), which also
are within the range of fish scales. In addition, the scalation pattern of
striped bass is reported as each scale overlapping with six other neigh-
boring scales [25], with an imbrication degree of about 0.5, similar to
the arrangement of African tree pangolin scales.

On the other hand, the overlapping of pangolin scales differs from
fish scales. The pangolin scales are separated individual scales, with
each one partially connected to skin; whereas, the fish scales, for in-
stance, the striped bass, have a soft gel-like connective tissue, stratum
spongiosum, between the scales [31,25], which may be an adaptation
to ease scale motion in the aquatic environment.

3.2. The structure of pangolin scale

3.2.1. Morphology and cuticle structure

Both Chinese and African tree pangolin scales show, as expected,
similar morphology and cuticle structure, except that the Chinese
pangolin scale is shorter and wider than the African tree pangolin
scale. Fig. 4a, b and e, f show that the external surfaces of both scales

are convex and have longitudinal ridges with about 200 pm diame-
ter (blue solid lines) extending from scale base to tip. Close obser-
vation of the external surfaces reveals elliptical shaped keratin scales
(Fig. 5¢c, d, g, h) around 40-70 pm in diameter,~1 pm in thickness,
and overlapped in 3-5 layers. Higher magnification of the keratin
scale shows the keratin mesh morphology (Fig. 4d).

Similar keratin scales with comparable dimensions were reported
briefly for porcupine quills [34] and toucan beaks [20]. Pangolin
scales are keratinized materials [13], and according to the keratiniza-
tion process for most keratinized materials [35], they are flattened ker-
atinocytes that have similar dimensions to the ones on the external sur-
face of wool [36] and stratum corneum [37,38]. For wool, the over-
lapping flattened cuticle cells, which differ from cortical cells in ap-
pearance, form the external cell layer, and the stratum corneum con-
sisting of corneocytes are layers of these brick-shaped cells made of
keratin mesh. Therefore, these keratin scales are the keratinized cells
and different from those of the scale interior. The cuticle layer com-
posed of flattened cuticle cells, forming a protective sheath around an
inner layer of densely packed keratinized cells, is a typical structural
feature of keratinous materials. It is also reported that the role of cu-
ticular keratin cells in the bulk mechanical properties of keratin fibers
is minimal, since the amorphous scales are weakly attached by the en-
docuticle and intercellular cement to the main fiber shaft [15].

3.2.2. Main interior structure

Both Chinese and African tree pangolin scales show three regions
along the cross section, distinguished by different cell morpholo-
gies and orientations, and with different lamellar structures. From
transverse cross section (tran-cs) of the scale (Fig. 5a), three regions
were identified: the dorsal region (beneath the scale external sur-
face) shows a fine structure with thin, wavy strip-like spacing (blue
segments) which is parallel to the external surface, with dimensions
about 20-40 pm. The ventral region (close to the scale internal sur-
face) shows a similar fine structure which is nearly straight and paral-

2
oo

Fig. 4. Scale surface structure (yellow dotted lines indicate boundaries between embedded and exposed areas, and blue lines longitudinal ridges): (a) Chinese pangolin scale; (b) 3D
optical micrograph of the scale external surface showing the longitudinal ridges parallel with growth direction; (c) plane view of the external surface showing the keratinized cuticle
cells; (d) transverse cross section of the scale at the superficial 3-5 layers of cuticle cells and higher magnification image of the keratin mesh morphology; (e¢) African pangolin scale;
(f) 3D optical micrograph of the scale external surface showing the longitudinal ridges parallel with growth direction; (g) plane view of the external surface showing the keratinized
cuticle cells; (h) transverse cross section of the scale at the superficial 3—5 layers of keratinized cells. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 5. Structure of scale interior: (a) optical micrograph of transverse cross section showing the dorsal, middle and ventral regions of pangolin scale; blue lines represent profiles
of keratinized cells. (b) Optical micrograph of plane view of dorsal region of the scale showing the circular cell profiles. Fluorescence micrographs of (c) dorsal region showing the
flattened keratinized cells, (d) middle region of tilted and less flattened cells (light-blue curves), and (¢) ventral region of flattened cells parallel to scale surface. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

lel to internal surface. The middle region, which constitutes the major
part of the cross section, exhibits thicker cellular morphology tilted to
the scale surface and with spacing that is larger than that of the dorsal
and ventral layers. A planar view of the dorsal region of the scale in
Fig. 5b (looking from the external surface) shows that the entire area
exhibits homogeneous circular profiles of keratinized cells. Stained by
Congo red, the keratinocytes (fluorescing blue) show clear cross sec-
tional profiles (Fig. 5c, d, e), indicating that the spindle-shaped cells
pile up to form the pangolin scale. In the dorsal region, the flattened
cells are arranged in layers (around 10 cells thick) parallel to the ex-
ternal scale surface, with diameters about 20-50 pm and thickness
1-3 pm. The cells in the ventral region show similar morphology and
arrangement as those in dorsal region, except that they are parallel to
the internal surface. Keratinized cells in middle region are less flat-
tened and usually oriented in an angle to the scale surface (tilted).
They exhibit a larger size with diameter about 40—-65 pm and thick-
ness 6-10 pm. The three regions along the scale cross section agree
with the reported three layers based on the histological structure and
distribution of chemical constituents along cross section [13].

When fractured, pangolin scales show a lamellar structure formed
by keratinized cells. Fig. 6a shows a transverse cross section (tran-cs)
of a scale: the cell profiles flatten and form lamellae, and each lamella
is one layer of cells. Scanning electron micrographs of transversely
fractured scales also confirms the lamellar structure (Fig. 6b, ¢), with
about 2-5 pm thickness; by comparing the morphology and dimen-
sions of the layered keratinized cells and lamellae, one lamella is
formed by one sheet of flattened cells. Scanning electron microscopic
observations  of  both  transversely and  longitudinally

freeze fractured scales reveal that scales show crossed-lamellae (in-
dicated by red arrows in Fig. 6d), and exhibit three regions with dif-
ferent morphologies. In the dorsal region, the lamellae are well de-
fined, and are parallel to the external surface, with one lamella around
2 pm; in the middle region, the lamellae are larger and less ordered,
sometimes showing poorly defined tilted crossed-lamellae with large
varying sizes (2-8 pm) and sometimes regularly tilted crossed-lamel-
lae (2-5 pm); in the inner region, the lamellar structure is similar to
that of the dorsal region: the lamellae are parallel to the scale surface,
with each lamella about 1.5-3 pm thick.

The lamellar structure is widely observed in keratinous tissues, e.g.
hoof wall, horn sheath, and fingernail. The bighorn sheep horn shows
longitudinally aligned lamellae (2—5 pm thick), which stack along the
radial direction [39]. For hoof wall, it is reported that the tubular cor-
tex cells are organized into concentrically arranged lamellae, where
each lamella is composed of one layer of cells [19], which agrees well
with our observation for pangolin scales. The lamellar thickness varies
from 5 to 15 pm [19]. The fingernails have been considered to be sim-
ilar to pangolin scales from histological and histochemical observa-
tions [13]; they show a poorly defined lamellar structure [6,40], and
also exhibit three regions along the cross section: dorsal and ventral
layers of crossed-fibers or fibers without preferred orientation, and an
intermediate layer of transversely aligned fibers [6,41,42].

3.2.3. Crossed lamellae and crossed fibers

When freeze-fractured (cooled in liquid nitrogen and then im-
pacted) or loaded at a relatively high strain rate (~107Ys), pangolin
scales show a clear crossed-lamellar structure in dorsal, middle and
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Fig. 6. The lamellar structure formed by keratinized cells: (a) fluorescence micrograph of transverse cross section (tran-cs) of a scale, the cell profiles (upper) and the lamellae are
clearly seen, indicating that keratinized cells form lamellae; (b) scanning electron micrographs of tran-cs of the scale showing (a) the lamellae and (c) that each lamella is one layer
of cells. Scanning electron micrographs of the three regions showing the crossed-lamellae structure: (d) dorsal region, (¢) middle region, and (f) inner region.

ventral regions (Fig. 7a, b, ¢). These crossed lamellae occur on a spa-
tial scale of ~5 pm. When stretched to fracture at low strain rate or
in hydrated state, they show crossed fibers (Fig. 7d). These are sig-
nificantly broader than the crossed lamellae, and occur on a scale of
50 pm. This is very different from other keratinous materials com-
posed of uniaxial fibers whose fractures show fibers in one direction,
e.g. human hair (Fig. 7e) and feather rachis (Fig. 7f). A tearing mode
fracture was applied to pangolin scales and other keratinous materials
with known fiber orientations. The pangolin scales show a zigzag pro-
file along the torn edge, indicating that the fibers are aligned in angles
to the longitudinal direction; whereas the side views of torn fractured
fingernails (torn transversely along the free edge) and feather rachis
(torn along the longitudinal axis) both show smooth edges, implying
the majority component being uniaxial fibers (Supplemental Fig. S2).

From the above examination, it can be concluded that pangolin
scales consist of crossed fibers aligned at angles to the scale growth

£ 2
=~

. Pan-scale

direction. Though not usually seen in keratinous materials [6], it is an
evolutionary design to achieve the protective function for pangolins.
Wool and hair consist of axially oriented fibers, which is an opti-
mized structure to resist the tensile forces from external stimuli. Nails
show a dominant component of transverse fibers that direct cracks
transversely rather than propagating into the delicate dermal tissue.
Hoof wall and horn sheath are composed of concentrically and radi-
ally arranged lamellae with varying orientations of fibers, which pro-
vide exceptional crack diversion mechanisms to protect the inner tis-
sue [19]. The lateral walls of feather rachis show crossed-lamellae
and crossed fibers structure [6,43], which contributes to the torsional
rigidity. For pangolin scales, external forces may come from biting,
puncture and impact by predators and other environmental stimuli,
and friction and scratch, all of which occur in unpredicted directions.
A crossed-lamellar composite with fibers crossed with each other in
a range of angles providing in-plane isotropy would be an optimized
structure to sustain forces in diverse directions and, concomitantly, to

Fig. 7. Crossed-lamellar and crossed fiber structure of pangolin scales: (a) dorsal region (freeze fractured), (b) middle region (freeze fractured), and (c) ventral region (1071/s). Side
views of tensile fractured specimens in three keratinized biological materials: (d) pangolin scale in hydrated state, showing crossed-fibers, (¢) human hair composed of uniaxial fibers,

and (f) feather rachis showing axial fibers.
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increase the energy needed for crack propagation and redirecting
cracks to the scale edges or tip.

3.2.4. Interlocking interface between cells and lamellae

One interesting structural feature of pangolin scales is the suture-
like profile of the cell membrane complex, which creates an inter-
locking interface between keratinized cells and lamellae. Transmis-
sion electron micrographs of pangolin scales (plane view and trans-
verse cross sectional specimens) show a suture-shaped structure about
25-50 nm thick: one densely stained layer enclosed by two less-dense
layers (Fig. 8a), and the fine filaments with diameter about 3—-5 mm
(inside cells) were also observed (Fig. 8b). Considering that kera-
tinized cells compose the pangolin scales and comparing them with
the structure of wool and hair [44], this is the cell membrane com-
plex in pangolin scales. However, unlike the cell membrane complex
in wool and hair, the one in pangolin scales shows a suture-like profile,
which is also captured via scanning electron micrographs (Fig. 8c, d):
the suture wavelength is 250-450 nm, as observed by both transmis-
sion and scanning electron microscopy. The percentage of the inter-
face (suture-like cell membrane complex) is calculated to be about
7.84%. The interface thickness varied from 25 to 35 nm (clearly seen
in Fig. 8b). The effect of such suture-like cell membrane complex is
an interlocking interface between cells and thus the lamellae, as shown
in Fig. 8d.

Suture structures at macro- and micro-scales have been found in a
variety of biological materials [27], e.g. turtle shell [45], seashells [46]
and deer skull [47], but the cell membrane complex at the nanoscale
suture structure is first reported here. The suture structure mechani-
cally contributes to the bonding strength at the interfaces while still
controlling flexibility [27]. Mechanical studies on rigid suture joints
of seashells with hierarchical structures reveal enhanced load bear-
ing capability and flaw tolerance, and prevention of catastrophic fail-
ure [46]. The suture-like cell membrane complex in pan-

golin scales provides increased contact area and an interlocking inter-
face, which leads to increased bonding strength and delamination re-
sistance between lamellae.

3.3. Mechanical behavior
3.3.1. Orientation effect on the mechanical behavior

3.3.1.1. Microindentation

Microindentation measurements in four orientations along scale
growth line and scale thickness directions on both scales are shown
in Fig. 9. The Chinese pangolin scales show a similar microhard-
ness, fluctuating around 220 MPa, when indented on the external (ex
surf) and internal (in surf) surfaces along scale growth line direc-
tion; this suggests the same structure from scale base to tip. The
African tree pangolin scales show slightly lower microhardness val-
ues, about 200 MPa, and a similar trend indenting on external and
internal surfaces along the growth line direction. Indentation on the
transverse (tran-cs) and longitudinal (long-cs) sections of Chinese
pangolin scales generates the same microhardness value (Fig. 9b), im-
plying an isotropic behavior of the scale, which agrees again with the
structure of crossed-fibers between lamellae. The African tree pan-
golin scales show similar hardness on cross sections, albeit at a con-
sistently slight lower value (~180 MPa).

The higher harness on the surfaces in comparison with on the sec-
tions may be understood from the relative orientations of the lay-
ered keratinized cells and loading direction: indenting on surfaces
along scale growth line is applying a force in the denser orientation
(scale thickness direction, highest compressive strength), while in-
denting along scale thickness is applying load in the cell plane di-
rection (lower compressive strength). However, one should note that
this difference is not significant. After indentation, the scales show
clear smooth indents, and the lamellae are deformed without observed

Fig. 8. The suture-like cell membrane complex and the fine filaments of pangolin scales: (a) transmission electron micrograph of transverse cross section (tran-cs) of a scale. The cell
membrane complex (about 25-50 nm thick) consists of one densely-stained central layer and two less dense layers, typical of keratinous materials, but interestingly shows suture-like
profile (suture width ~350 nm); (b) transmission electron micrograph of the area in (a) showing the fine filaments about 3—5 nm in diameter inside cells. Scanning electron micro-
graphs: (c) tran-cs of the scale, the lamellae also show fine suture-like protrusions, since they are formed from flattened keratinized cells; (c) and (d) the suture-like cell membrane

complex provides interlocking interface between lamellae.
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Fig. 9. Mircohardness results of the scales: (a) hardness values of African tree and Chinese pangolins scale along on external surface (ex surf) and internal surface (in surf) along
growth line direction (red arrows, from scale base to tip); (b) hardness values of African tree and Chinese pangolin scales indenting on transverse (tran-cs) and longitudinal (long-cs)
along thickness direction. (c) Scanning electron micrographs of the indent (flat region in ¢) showing the compressed lamellae. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

cracking (Fig. 9¢), which corroborates the high ductility in compres-
sive testing.

3.3.1.2. Tensile response

The tensile behavior of African tree and Chinese pangolin scales
loaded in the longitudinal and transverse orientations (Long-Ori and
trans-Ori) is shown in Fig. 10a, b; the results are summarized in Table
1. Both exhibit similar stress-strain curves that show two stages: an
elastic region that is fairly linear, and then a region with a gradu-
ally decreasing slope, the latter representing permanent deformation;
the third stage is a negative slope, indicative of damage to the struc-
ture. This is somewhat different from the three regions (elastic, yield,
post yield) shown in stress-strain curves of most typical a-keratinous
materials [6], such as wool [48] and hoof wall [49], but similar to
fB-keratinous materials, e.g. keratin rhamphotheca of bird beak [20],
feather rachis cortex [50]. Such features suggest that the pangolin
scales are not solely composed of a-keratin (verified by X-ray scatter-
ing patterns, unpublished results), but a combination of a- and B-ker-
atins, since a-keratin usually generates stress-strain curves with an ini-
tial linear region and a plateau yield region followed by a stiffened
post-yield region, implying the o to f transition. In addition, the pan-
golin scales show crossed lamellae, and the fibers are crossed between
lamellae rather than uniaxially aligned; whereas the a-keratin fibers in,
e.g. wool and hagfish slime threads [6], are perfectly aligned along the
axis, and therefore, the o to f transition upon axial stretching is clearly
visible by a plateau.

One interesting feature is that both scales show similar tensile be-
havior when stretched longitudinally and transversely: the ranges of

stress-strain curves in the two orientations almost overlap each other
(Young’s modulus around 1 GPa, and tensile strength about 70 MPa),
and the fracture surfaces in the two orientations show the same
crossed-lamellae structure (Fig. 10c, d). These corroborate the struc-
tural observation that pangolin scales are composed of keratinized
cells forming crossed lamellae that are the same in longitudinal and
transverse orientations, thus exhibiting transverse isotropic tensile be-
havior. The toucan rhamphotheca (p-keratin) also shows no system-
atic difference in modulus and yield strength along the two orienta-
tions [20]. In contrast, most a-keratinous materials show superior me-
chanical properties in certain orientations for specific functions dis-
cussed previously, e.g. wool, hair, and hagfish slime fibers in the axial
direction, and nails along the lateral edge [6]. As mentioned earlier,
this transverse-isotropic mechanical response is needed for the spe-
cific functionalities of the scale.

3.3.1.3. Compressive behavior

Compressive loads occur frequently during life of pangolin scales.
Fig. 11 shows the compressive stress-strain curves of Chinese pan-
golin scales in three loading orientations; the results are summarized
in Table 2. The compressive strength (stress at the onset of plateau
region) shows highest value in the scale thickness direction (T-Ori),
127 MPa, followed by the loading parallel to the scale surface: Perp-
line (113 MPa) and para-line (92 MPa). This is advantageous for the
scales since the most often experienced compressive force exerted
predators (such as biting from lions) is perpendicular to the scale
thickness plane. After a plateau region, the compressive stress rises
continuously, squeezing specimens into a flattened disk without frac-
ture, indicating good ductility and energy absorbance ability. The
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Fig. 10. Tensile response of the (a) African pangolin and (b) Chinese pangolin scales loaded in longitudinal (Long-Or) and transverse (Tran-Ori). Fracture surfaces of Chinese pan-

golin scales from (¢) Long-Ori and (d) Tran-Ori.

elastic modulus changes little among these three orientations, around
2.2 GPa, which agrees well with structural observation.

The different compressive strengths but similar moduli among
three orientations originate from the arrangement and dimensions of
keratinized cells and the lamellar structure. The fibers are crossed
between lamellae, thus loading in three orientations generate similar
elastic moduli. In addition, the keratinized cells, which form lamel-
lae, are flattened and pile in layers through the scale thickness direc-
tion, resulting in a denser orientation than the cell plane direction (in-
cluding Perp-line and para-line orientations); therefore, loading in T-
Ori leads to higher compressive strength than the other two loading
directions. In the other orientations, axial splitting may occur along
lamellar boundaries. The horn keratin from bighorn sheep (a-keratin)
is reported to exhibit similar elastic modulus and yield strength when
compressed longitudinally and transversely, but poorer properties in
the radial direction, which was also attributed to the loading directions
parallel or perpendicular to the lamellar orientations [39].

In brief summary, pangolin scales show transverse-isotropic prop-
erties, demonstrated from tensile, compressive and microindentation
responses tested in different orientations, and slightly superior
strength in the scale thickness direction than that in longitudinal and
transverse orientations. This correlates with the structural design of
the scales, which involves flattened keratinized cells forming lamel-

lae and crossed fibers between lamellae. Such mechanical features are
correlated with the protective functions for the pangolins, and are also
requisite for body armor materials.

3.3.2. Effect of strain rate

3.3.2.1. Tensile stress-strain behavior

Fig. 12 shows the tensile behavior and strain-rate sensitivity of
African tree and Chinese pangolin scales. The stress-strain curves,
for all strain rates, show an elastic region followed by a region with
decreasing slope and failure. For African tree pangolin scales, as
the strain rate increases from 107> to 10 '/s, generally the Young’s
modulus and tensile strength increase from 1.1 to 1.5 GPa and from
65.5 to 108.7 MPa, respectively. The breaking strain decreases some-
what from 16.8 to 11.9%, while toughness (area under stress-strain
curve) does not change in a consistent manner, varying from 8.29 MJ/
m’ at 107°/s, 4.92 MJ/m’ at 10™¥/s to 8.39 MJ/m’ at 10™"/s. The Chi-
nese pangolin scales exhibit similar tensile behavior, with slightly
larger scattering at each strain rate, shown in Fig. 12b. The Young’s
modulus and tensile strength increase, though not significantly, with
the increase of strain rate: from 0.9 GPa and 60.4 MPa at 10 /s to
1.2 GPa and 74.2 MPa at 10" '/s, respectively. Both breaking strain
and toughness decrease with increasing strain rate. At the strain
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Table 1
Tensile results of African tree and Chinese pangolin scales in longitudinal and trans-
verse orientations (+ standard deviation).

Strain ~ Young’s Tensile
rate modulus strength Breaking = Toughness
(/s) (GPa) (MPa) strain (%) (MPa)
African tree  Long- 107 1.1+0.3 655+6.7 168+55 83+33
pangolin Ori
scale
10 1.1+£02  715+£66 106+27 49+15
107 1.0+£01 724469 129+03 65+06
1072 1.1 £0.1 84.7+98 126+08 72+07
10" 1.5+02 108.7+6.0 120+3.6 84+33
Tran- 107 1202 742+51 84x14 3.6x09
Ori
Chinese Long- 107° 09+0.1 604+9.0 114+£38 48+29
pangolin Ori
scale
107 1.0+ 0.1 60.5+6.5 120+£3.1 47+138
107 1.0+£02 664+27 80+14 27+05
107 1.0+0.1 70.8+109 87+07 34+04
10" 1.2+0.1 742+23 68+0.1 25+0.1
Tran- 107 1.1+0.1 61.6+28 6.1+09 20+05
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Fig. 11. Compressive stress-strain curves of Chinese pangolin scales loaded in three ori-
entations.

Table 2
Compression results of Chinese pangolin scales in three orientations (+ standard devia-
tion).

Elastic modulus (GPa) Compressive strength (MPa)

Thickness orientation (T-Ori) 2.2 +0.3 1273 +2.9
Para-line 22+0.2 92.0 +0.9
Per-line 23+03 1128 + 1.1

rate of 10 %/s, both pangolin scales show certain level of necking and
obvious crazing (whitening of the necking region).

As expected for a viscoelastic material, pangolin scales become
stiffer and stronger with increasing loading rate; the breaking strain
and toughness do not change much for African tree pangolin scales,
but decrease for Chinese pangolin scales. Such strain-rate dependence
provides the pangolin scales an increased ability to combat impacts or
strikes with higher stiffness and strength, and to absorb more energy
to delay the onset of failure when loaded slowly, a key mechanism for
coping with forces from the environment. This strain rate effect is cru-
cial to body armor for humans. As the strain rate increases, large-scale
movement of the molecules in a viscoelastic material is restricted, thus
leading to increased modulus and strength, but a decreased maximum
strain. When loaded slowly, the chains of the polymer composite are
able to deform to a larger degree and to slide past each other, allowing
the scales to absorb more energy before failure.

The strain rate sensitivity of pangolin scales can be characterized
by the strain rate sensitivity index, m [51]:

y (M

where Oy and ¢ are the yield stress and strain rate, K is a constant.
Therefore, m can be calculated through Eq. (2):

0ln0'y
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The yield stresses for African tree and Chinese pangolin scales
were calculated from the stress-strain curves and show increased val-
ues with increasing loading rate. Fig. 12¢ plots the Ino,, — In€ curves
for African tree and Chinese pangolin scales; the values of m are 0.070
and 0.081, respectively. The variation of yield stress from 10 /s to
10"'/s for African tree pangolin scales is slightly smaller than that of
Chinese pangolin scales, leading to a slightly smaller calculated strain
rate sensitivity. Generally, African tree and Chinese pangolin scales
show similar strain rate dependent behavior, and the strain rate sensi-
tivity index values are comparable.

Fig. 12d provides values of the strain rate sensitivity, m, for differ-
ent materials as a comparison: common polymers, e.g. polycarbonate
(m = 0.03), polymethyl methacrylate (m = 0.07) exhibit similar m. Yu
et al. [52] report the strain-rate sensitivity for human hair equal to 0.11
(Fig. 12d).

A high strain-rate sensitivity also observed in other keratinous ma-
terials, such as wool [53] and equine hoof wall. Kasapi and Gosline
[49] report an increasing Young’s modulus (0.28 GPa at 1075 to 0.85
GPa at 70/s) and yield strength with increasing strain rate for hydrated
hoof wall keratin. The viscous component in wool has been considered
the matrix proteins [54], while the fibrous phase (microfibrils) con-
tribute to the initial elasticity. The bird beak rhamphotheca (f-keratin)
shows a pull-out fracture mode at low strain rate (5 X 10_5/s) and brit-
tle fracture (keratin scales were torn) at higher strain rate (5 X 107%/s).
The transition of fracture mode was explained in terms of the competi-
tion between viscoplastic shear of the interscale glue and tensile frac-
ture of the scales [55]. Since pangolin scales consist of a- and f-ker-
atins, the amorphous matrix proteins and the fibrous phase are prob-
ably the viscous and elastic components, respectively, and the bond-
ing between keratinized cells/lamellae plays a role in determining me-
chanical properties.
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Fig. 12. Strain rate and hydration sensitivity of pangolin keratin: (a) tensile stress-strain curves of African tree pangolin scales stretched longitudinally (Long-Ori) at different strain
rates, and the hydrated 100% relative humidity, dotted curves), showing significant decrease in strength and stiffness; (b) tensile stress-strain curves of Chinese pangolin scales
stretched longitudinally (Long-Ori) at different strain rates, and the tensile behavior of the hydrated specimen (100% relative humidity, dotted curves); (c) strain rate sensitivities
of African tree and Chinese pangolin scales, calculated via Eq. (2) with yield stresses obtained from (a) and (b); (d) strain rate sensitivities of human hair (keratinous material) and

typical polymers (polycarbonate, PC, and polymethyl methacrylate (PMMA).

Another notable feature of keratinous materials is the hydration ef-
fect. The tensile stress-strain curves of hydrated (100% relative humid-
ity) African tree and Chinese pangolin scales are overlaid in
Fig. 12a and b (dotted curves), respectively. Both show significantly
decreased Young’s modulus and tensile strength but increased tensile
strain (breaking strain not shown). The high hydration sensitivity is
widely seen in other keratinous materials, e.g. human hair [50], stratum
corneum [56], fingernails [6], feathers [50]. Based on extensive studies
of a-keratin fibers, such humidity effect has been largely attributed to
the interaction between water molecules and the amorphous matrix pro-
teins, in which water may act cross link between chains, break down the
secondary bonding and work as a plasticizer, thus reducing the stiffness
and increasing the segmental mobility [6].

3.3.2.2. Fractography

Fig. 13 shows the tensile fracture surfaces of Chinese pangolin scales
as strain rate increases from 10 > to 10 ,and to 107 Ys. It is clear that
they become smoother with increasing loading rate, and the fracture
mode changes from fiber tear and fracture, lamella pull-out, to trans-
lamellar fracture. At low strain rate (10_5/5), lamellae are able to de-
form and delaminate into fibers (Fig. 13a), thus showing a rough frac-
tured surface with torn fibers. A strain rate of 10 /s allows lamellae
to move and shear, but not sufficiently to completely delaminate into
fibers, thus exhibiting broken and pull-out lamellae with mesh-like sur-
face (due to suture-like cell membrane complex). At relatively

high strain rate (1071/s), lamellar movement is restricted, and lamel-
lae are torn and fractured, displaying a smooth fracture surface with
crossed-lamellae orientations. Such fracture mode change with in-
creasing strain rate is also observed in hoof wall (a-keratin) [49] and
bird beak rhamphotheca (p-keratin) [20,55]. The hoof wall shows
highest degree of tubule pull-out fracture at lowest strain rate, and
a more brittle surface fractured at impact. The crack propagation in-
volves both parallel with and across the tubules depending on posi-
tions along the hoof wall thickness. As mentioned earlier, the bird
beak rhamphotheca shows viscoplastic shear between scales (kera-
tinized cells) at low strain rate and tensile fracture of the scales (kera-
tinized cells) at high strain rate.

Pangolin scales show fracture surfaces of cracks following inter-
cellular boundaries (between lamellae) at intermediate strain rates, and
fracture surfaces indicating cracks through cells and interfaces (across
lamellae) at lower and higher strain rates. This is similar to hoof wall
that has a complex hierarchical structure featuring differentially ori-
ented lamellae in tubules and intertubular materials [49]. The struc-
tural features of pangolin scales contribute to an enhanced toughening
to resist fracture. The crossed-lamellae with fibers aligned in differ-
ent orientations between layers make cracks propagate across lamel-
lae more difficult, while the suture-like interfaces between lamellae
increase the lamellar bonding, which requires more energy for delam-
ination, and creates a tortuous crack path, dissipating more energy.



14 Acta Biomaterialia xxx (2016) XXX-XXX

Fig. 13. Tensile fractured surfaces of the pangolin scale at (a) 107%s, (b) 10%/s and (c) 10 '/s. The fracture mode changes from fiber tear and fracture (lamellae delaminate into fibers)
to lamella pull-out (lamella with surface suture) and trans-lamella fracture (smooth lamellar & cross-lamellar fracture) as strain rate increases.

4. Conclusions

The distinct structural features and mechanical properties of pan-
golin scales, a unique protection strategy for a mammal, are uncovered
in the present work focused on understanding the design and protec-
tive functions. The following conclusions are drawn from characteri-
zation and testing:

° The overlap mechanism of both African tree (arboreal) and Chi-
nese (ground) pangolin scales is that each scale sits in cen-
ter of neighboring scales surrounding it in a hexagonal pattern;
for each scale, the internal surface partially covers three lower
scales, and the external surface is partially covered by upper
three scales. The overlapping ratios on both the internal and ex-
ternal surfaces of Chinese and African tree pangolin scales are
different due to the different shapes and dimensions.

e  African tree and Chinese pangolin scales, composed of kera-
tinized cells, show similar structure and mechanical properties.
The scales have a cuticle structure composed of 3-5 layers of
loosely attached keratinized cells with 40-70 pm in diameter and
0.5-1 pm in thickness. The interior structure consists of three re-
gions: a dorsal region of flattened cells (diameter about ~30 pm
and thickness 2—4 pm) forming crossed lamellae parallel to scale
surface, a middle region of tilted and less flattened cells usu-
ally with larger dimensions (3-8 pm thick) constituting lamellae,
and a ventral region that is similar to the dorsal region. At a still
lower spatial scale, the nanostructure is comprised of filaments
with 3-5 nm diameter. Each lamella is comprised of one layer
of cells. Tensile deformation to failure reveals crossed fibers be-
tween lamellae. At the nanoscale, the scales show an interlock-
ing interface between lamellae, which results from the suture-
like cell membrane complex between keratinized cells.

e  The tensile, compression and microindentation responses ex-
amined along different loading orientations reveal transverse
isotropy in the plane of scale surface (E ~ 1 GPa; ultimate

strength ~70 MPa at 10/s) and a slightly higher strength along
the scale thickness direction, correlating with the structure of
crossed fibers and lamellae and keratinized cells.

o The keratin in the pangolin scales is strain-rate dependent, char-
acteristic of a viscoelastic material, which become stiffer and
stronger at fast loading to combat impacts (at 107Ys, the
Young’s modulus and tensile strength reach 1.5 GPa and
108.7 MPa, respectively), and are able to absorb large amount of
energy when loaded at low strain rate (at 10°/s). The strain rate
sensitivity values are 0.07 and 0.08 for African tree and Chinese
pangolin scales, typical of polymers and hair keratin. The frac-
ture mode changes from fiber tear and rupture, lamella pull-out,
to trans-lamellar fracture with increasing strain rate, akin to a
ductile-to-brittle transition. Hydration plays an important role in
mechanical behavior, leading to significantly decreased Young’s
modulus (~0.27 GPa) and tensile strength (~34 MPa).

The structural features and the corresponding mechanical proper-
ties of pangolin scales are distinct from other typical keratinous mate-
rials, because of the specific functionalities required in the protection.
The knowledge gained in this investigation will help advance our un-
derstanding of the biological solutions in designing materials and pro-
mote more efficient bioinspired structures.
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