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Abstract

Polar bear hair is known for its superior thermal insulation properties protecting from
frigid water and freezing weather conditions. However, this microscopy study of polar
bear hair is related to the investigation of the crack stopping mechanisms within its
structure following the toughening mechanism principle used by nature. The
inhomogeneous structure of polar bear hair consists of fiber bundles, tubules,
membranes, porous medulla, and cuticle layers. Precisely, these types of material
constructions help in impact energy dissipation to protect material before the failure and
save animals via its multifunctionality. The multiscale structures are the key to adopting
different physical properties in distinct sizes, from thermal insulation to the toughening,

strengthening, and stiffening mechanisms in material designs.


https://doi.org/10.1039/D1ME00066G

Introduction

Understanding the structure-function relationship is key in developing new materials.
Natural materials are one of the best inspirations, as we could see throughout many
available technologies. 2 The building blocks of many natural materials are proteins such
as collagen, keratin, and silk.3 Inspirational examples are found in bone,® nacre,!!
crocodile skin,'? peacock feather, 13 and many more.'* The other key feature is the
hierarchical structure primarily related to enhancing the mechanical properties.> 1415 The
geometry, together with the distinct components, plays an important role in fracture
resistance of natural materials or tissues. 1¢1° The damage process involves cracks
promotion and propagation, considered an intrinsic toughening mechanism. The
formation of cracks, especially in the brittle ceramic materials, starts with a tip that is
usually the damaging mechanism that can be transformed to intrinsic toughening when
the material's microstructure allows. Otherwise, extrinsically it involves the crack bringing
which is the example of the shielding mechanism in the crack propagation. ?° In case of
polymeric materials the ductile behaviors’ cause the plastic deformation 2! also in the

natural polymers and biomass.??

Keratin is an example of a natural polymer with a low extension, especially at low
humidity (< 30 %) it is below 40 % . 23 This structural protein is present, for instance, in the
turtle carapace, layered with collagen. This keratin collagen bi-layer enhanced resistance
to crack growth, increased toughness, and increase plastic dissipation of carapace at their
interfaces, allowing increase energy dissipation to ensure the protection of the turtles. 24
In compact bone, collagen is combined with hydroxyapatite (HA) to alternate high and low
stiffness in osteons. This mechanical design with the variable collagen fiber orientation
and mineral content uses composition strategies at the sublamellar level to prevent
microcracks leading to bone failure.’® The feather represents a mechanically rebuts and
flexible keratin-based material with HA. The hierarchical structure of feathers with fibrous
cortex and foamy medulla is using HA crystals as stiffeners. The mechanical strength under
tension or compression is achieved due to delamination, intralamellar debonding, fibers

splitting and bridging, and fibers rapture. The cracks are bridged by fibers bundles



oriented at different angles, similar to in the compact bone by lamellae, to hinder its

propagation. This mechanism contributes to the higher resistance to fracture in feathers.3

Most natural and nature-inspired materials have extrinsic toughening mechanisms. In the
examples mentioned above, fracture resistance increases with a crack extension due to
the shielding mechanism involved in its propagation. Notably, rigid and robust materials
design requires tailoring structural properties, synergetic strengthening, and stiffening
effects at the optimum combination. The multiscale structures, including porosity and
fibers created by nature, are particularly good at reinforcements and hindering fractures,
leading to preferred mechanical properties. The flaw tolerance, not only in natural
materials, is easier to manage in porous materials or composite with nanofibers,
enhancing stress dissipation in the constructions.3 Particularly, the delocalization of stress
in the electrospun fiber meshes was investigated in notched samples during the tensile
testing. The visual observation of strain distribution allowed the material deformation
analysis. Notably, the network of nanofibers deformed relatively homogeneously
throughout the membrane without the stress concentration at the incorporated cracks. In
opposition to fibers, the polymer films were exposed to intense stress concentration at
the notches.?> Importantly, microcracks are tolerated in the randomly oriented
electrospun meshes and the spider webs, avoiding catastrophic failures. 26 Therefore,
polymer nanofibers are widely used as a reinforcement in the composites in the form of
the whole network of fibers or short fibers, 2’ where the proper integration between
nanofibers and matrix is crucial for the optimized mechanical performance of produced
composites.?® One of the critical elements is the high volume fraction of nanofibers.
Extreme cases of the strongest materials in biology, such as limpet teeth, hold the record
for biological material in having the highest tensile strength. 2° Another important element
is the critical length of fibers used in the reinforcements in composites 3° and core-shell
structures.31.The fragmented fibers from brittle polymers can be used as a short fibers as
the reinforcements in of composites. In composites optimization the incorporation of the
nanofillers increases the materials' stiffness however it may also cause the brittle

fracture. 32



Similarly to polymer fibers,33 hair fur is most exposed to environmental conditions,
affecting their mechanical properties.3* Concerning the extreme weather conditions, the
polar bear hair provides excellent thermal and water insulation and protection.3>38 Hair
has various functions according to species.3® To understand strategies created by nature
to obtain insulating, hydrophobic, and mechanically robust materials the profound
analyses of their microstructure are necessary. Previously, we investigated in detail polar
bears’ hair structure compared to the penguin feather, looking for the key features for
designing fiber structures with high insulation properties.*® High-resolution scanning
electron microscopy (SEM) was used to observe the optimized microstructure of feather
and polar bear and compare them to find common characteristics necessary for highly
insulating keratin-based materials. Both materials are hierarchically porous and are
formed with keratin nanofibers forming bundles and with the additional tubular porosity
located between them. Basically, the hierarchical structures of natural materials allow
accommodating many vital parameters such as flexibility and mechanical robustness. The
microstructural design strategies in polar bear hair are unique due to their UV absorption
properties #* and adaptation of fur to match the varying needs of insulation in terrestrial
and aquatic modes of life.*? The microstructure of polar bear hair is ingenious from the
fracture-mechanics perspective due to resistance to dry, wet, and freezing environmental
conditions—the development of new materials for structural applications demands
combinations of strength and toughness. Therefore, the microscopy analysis of a freeze-
fractured cross-section of polar bear hair was performed to visualize the presence of the
crack within its structure. The nucleation and propagation of cracks primarily govern
materials' fragility. The analysis of microcrack protrusion and direction through the polar
bear hair structure can contribute to making materials dissipating the impact energy and

lowering energy available for nucleation and propagation of cracks.
Materials and methods

The samples of polar bear (Ursus maritimus) hair samples were obtained from Warsaw
Zoo in Poland during the medical check-up. They were also collected from the ground in

the Zoo am Meer in Germany, Polar Bear Habitat of Cochrane in Canada, and Wildlife



Park, Kincraig in Scotland, UK. The imaging of the freeze-fractured cross-sections of hair
was performed using scanning electron microscopy (SEM, Merlin Gemini Il, Zeiss,
Germany). The hair fracture was performed by bending the fibers immediately after
immersing them in liquid nitrogen for a couple of minutes. All the samples were coated
with a 3 nm Au layer using a rotary-pump sputter coater (Q150RS, Quorum Technologies,
UK) after fixing the hair to carbon tape mounted on the SEM stubs. SEM observations
were carried out with an accelerating voltage of 3-5 kV, current of 150 pA c, keeping the

working distance of 3—6 mm.

Results and discussion
Polar bear hair microstructure

Polar bears have the characteristic two types of hair ground and guard built of coiled-coil
a-helix keratin.*® The cuticle is the outermost layer observed in many kinds of hair, wool,
or fur. The keratin fibers are bundled along the main shaft of the hair, which is usually
porous. The cortex is structured with tightly packed bundles of keratin fibers, with an
average 140-180 nm diameter. In the center of the hair, the air-filled channel with a
diameter of 20-30 um, called the medulla, is located. The hollow core is typical for polar
bear hair, and it was also noticed in hair from rabbits, elk, and others, but not in all
species.? Figure 1 shows the freeze-fractured cross-section surfaces of the polar bear hair
and the visible outer protective surface of the cuticle built from the flattened horny cells.
Additionally, in Figures 1b-c) and 2b), the inside with the medulla is visible. Between the
medulla and cuticle, there is a cortex with aligned keratin fibers reinforcing hair structure.
Interestingly, the medulla is formed by the spherical hollow vacuoles, as the large pores
are created in the keratinization process. The medulla consists of the lipid-rich cell

membrane complex. 4°



Figure 1. The cross-sections of polar bear hair showing the freeze-fractured surface, a) the
fractured surface show the broken bundles of keratin b) and c) porous structure with the
medulla inside the hair.

Figure 2. SEM micrographs of polar bear hair presenting a) the hair side view with the
cuticle layers and overlapping scales, b) the top view, in the black square the cracks are
indicated passing first the cuticle layer and then the cortex, c) the zoom from the black
square magnifying cracks propagation and deflection indicated with arrows.



Tubules in crack deflection

The failure is caused by crack propagation and penetration throughout the hair structure
until it is broken. After the fractionation of hair, we observed the interfacial crack
deflection, see Figure 2. A few cracks are visible in Figure 2c), which begin to aggregate
and interconnect during the crack propagation and finally extend, leading to material
failure. The observed cracks start to propagate from the cuticular scale covering hear in a
nonlinear way and stop before reaching the medulla. The medulla is the hollow part in the
middle of the shaft of the hair. Notable, crack deflection is also the topographical
progression that depends on the three-principal type of stress such as (i) opening, (ii)
sliding, and (iii) tearing modes. From 2D SEM images, it is difficult to differentiate if the
shear stress acting in parallel or perpendicular to the crack front. The gradient structure
provides stress relief at the interfaces between reoriented fiber layers or bundles of
keratin fibers, as shown in Figure 1a) and 3. Additionally, the tubules between the keratin
bundles hinder the crack propagation, providing the hair cortex's strengthening.
Interestingly, tubules are found in squid sucker ring teeth, providing excellent stability
during bending for effective puncturing action actuated by their surrounding tentacle.**
Tubules are also the microstructural features of dentin, which is the tooth's major
component and middle layer, supporting the brittle enamel.*> Dentinal tubules are
peritubular channels of a few microns occupying space between mineralized and oriented
collagen fibrils. Tubules are the vital features in the mechanical properties of dentine.*¢ 4’

Additional protection function of tubules is in compression in many bioinspired designs.*®



Figure 3. SEM micrographs of polar bear hair showing a) the large crack at the edge of the
hair indicated with the arrows on the left and the right sides; the circled region is zoomed-
in b) the crack passing throughout the bundles of keratin fibers, creating steps in the inner
surface of the cortex.

Figure 4. SEM micrographs of fractured polar bear hair presenting a) delamination
showing the hollow inside, b) cracking between pores indicated with arrows, and c)
cracking of medulla membrane indicated with arrows.



Energy dissipation

The high number of interfaces, such as cuticle layers and fiber bundles (see example in
Figure 3), hinder crack propagation. The fractured surfaces and bridges during the
introduced delamination contribute to a higher resistance to the failure. This deformation
energy is absorbed before the failure of hair, which is helping in energy consumption. In
Figures 2-4, the examples of cracking are indicated before the polar bear hair fracture.
Usually, there are three stages in material failure: initial step, crack propagation, and
failure.* The energy dissipation often requires parallel fibrils arrangement as it takes
place in the bone.*® The alignment of keratin fibers in the cortex ( see Figure 3 b) is the
intrinsic mechanism to slow down cracks progression and stops their nucleation process.
Other essential mechanisms to slow crack propagation are microcracking, crack bridging,
and deviation. The cracks can jump from one to the next pore leading to the imitation of
the subsequent crack propagation, which happens instantaneously till the crack extension
cause the failure of the material. *° However, the crack’s jump process absorbs the energy.
Thus the porosity is able to block the evolution of cracks as well and is often used as a
toughening effect by nature and bio-inspired structured materials.?> >% 52 Cellular
structure resulted in much higher strength and low weight capable of resisting buckling
and bending such as feather 13 or sponges.>? In hair, the outer layer of the cuticle (see
Figure 4a) is formed of scales and layers being the residual cells membrane after hair
growth. It consists of intercellular lipoprotein cement providing strong cuticle cohesion.
The fraction of hair has to progress through those layers to reach the internal porosity, as
indicated in Figure 4b, c. The freeze-fractured hair presented in Figure 4a) shows caused
delamination, followed by the cracking of the glassy membrane in Figure 4b, c. The
membrane in the medulla also provides cohesion as it is considered a lipoprotein cement.
Consequently, the microcracks appearing in the medulla’s membrane play a significant
role in toughening, as these local stress concentrations help absorb more energy. In
summary, the energy dissipation, apart from the commonly used stiffing effect by adding
the mineral component to the structure, is incorporated by nature by using the proteins

sheets and layering, leading to an enhanced deformation process. Importantly, the natural



designs are always a compromise between strengthening, stiffening, and toughening and
their combination, which is adapted to the materials’ needs. The keratin fibers
orientation and bundles formation, porous medulla, and cuticle layers maximize the
stiffness and flexibility of polar bear hair. Similar strategies can be utilized in assembling

bio-inspired synthetic materials to optimize their failure mechanics.

Conclusions

In the polar bear hair being the excellent thermal insulation design, a few toughening
mechanisms were observed related to the crack sopping structures. The inhomogeneous
structure consisted of fibers bundles, tubules, membranes, and layer help together with
the porous medulla. The polar bear hair structure applies a few typical mechanisms for
materials toughening, such as microcracking, crack bridging, branching, and delamination,
helping with energy absorption. Importantly, this study showed that incorporating a
tubular structure is a natural system to build the hierarchical longitudinal structures
providing a path towards improving fracture resistance of man-maid fibers. This
microscopy investigation indicates a crack stopping mechanism in the polar bear hair
structure, which effectively protects via its porous inside. The multiscale structures are the
key to adopting different physical properties in distinct sizes ranging from thermal

insulation to the toughening mechanism.
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