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 Biological materials are often composed of relatively weak constituents yet have 

evolved complex, hierarchical structures that allow them to achieve remarkable mechanical 

properties. In biological systems that need to survive impact scenarios, convergent evolution has 

resulted in design motifs which appear repeatedly in organisms that come from vastly different 

areas of the natural world. In this work, the structure-property relationships of two systems, the 

horse hoof wall and the jackfruit, are examined as sources of inspiration for impact resistance.  

The horse hoof wall, capable of withstanding large, repeated, dynamic loads, has been 

touted as a candidate for impact-resistant bioinspiration. However, the scientific community’s 

understanding of this biological material and its translation into engineered designs is incomplete. 

A model of the hoof wall's viscoelastic response was developed and the role of hydration, strain-
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rate, and impact energy on the material's response were elucidated. Post-impact fractography 

identified hierarchical failure mechanisms of the unique hoof structure. Multi-material 3D printed 

designs based on the hoof's meso/microstructure were fabricated and exhibited advantageous 

energy absorption and fracture control relative to control samples. 

In-situ microCT suggest that the hollow tubules in the hoof wall may be a progressive 

failsafe mechanism meant to absorb energy from biaxial lateral compression. These results also 

highlight behavior variations that arise from different loading orientations, hydrations, and 

locations within the hoof wall. Toughening mechanisms such as tubule crack deflections, tubule 

bridging, tubule arresting, and fiber bridging are also visualized providing valuable context to 

previous studies. 

The jackfruit is the largest fruit on Earth reaching 50 kgs and falls from heights of up to 50 

m. To survive such large impact energies, the layered structure of the jackfruit includes a series of 

collapse mechanisms that absorb energy and mitigate damage. Quasi-static, viscoelastic, and 

dynamic tests are performed on the different layers of the fruit to establish an understanding of the 

fruit’s mechanical behavior. The structures are then replicated using 3D printing to show that the 

architectures identified in the jackfruit can be utilized in engineered materials to improve their 

impact resistance. 
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Chapter 1: Introduction 

In the mid-20th century, engineers and materials scientists started to take note of the 

fascinating mechanical accomplishments of the natural world around them and began drawing 

inspiration from biological materials in their own material designs. The term bioinspiration was 

coined to describe this new approach to solving engineering problems and an explosion in research 

papers characterizing natural systems ensued as researchers looked high (i.e., bird feathers, beaks, 

and bones) and low (i.e., dragonfish teeth, mantis shrimp dactyl clubs, and lobster shells) for 

natural muses to learn from. While this new way of thinking spanned from reusable adhesives 

(such as Velcro, which was inspired by burdock burrs attaching to dog fur) to fluid dynamics 

(where the unique pattern of whale tubercles is beneficial for controlling leading edge fluid flow), 

it has proven to be particularly captivating within the materials engineering research community. 

Biological materials are often composed of relatively weak constituents due to their low 

energy synthesis conditions and limited access to building components. However, many biological 

materials have evolved admirable mechanical properties that are comparable to some of the most 

advanced engineered materials.[1,2] For example, some spider silk is stronger and tougher than 

steel or Kevlar .[3,4] These stellar traits are often achieved through the inherent hierarchical 

structure (structural geometries at multiple different length scales) found in natural materials and 

the complex structural designs that have been tuned by generations of evolution to withstand 

environmental demands.[5,6]  

Amongst biological materials, systems capable of withstanding dynamic loading and 

impact have garnered significant attention for their potential in engineering applications. These 

systems include defensive (i.e. armors) and offensive (i.e. strikers) anatomies and span a vast array 
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of lifeforms. However, biological materials are also multifunctional filling different roles in 

different systems and often performing more that one task at a time. This senate proposal will 

discuss impact resistance in biological systems before exploring the many functionalities of one 

of the most impact resistant biopolymers found in nature, keratin. It will then discuss my own work 

with keratinous hoof walls as well as one of the impact resistance of one of the largest fruits in the 

world, the jackfruit. Chapter 1 will focus on some of the most prominent impact resistant biological 

materials that have already been studied, including numerous keratinous and fruit systems. Chapter 

2 will build on this by exploring the key takeaways for bioinspired designs and the different ways 

that researchers have utilized these findings for engineered materials. Chapter 3 will discuss the 

tunability and multifunctionality of keratin, one of the most impact resistant materials found in 

nature. Chapters 4 and 5 will highlight the work I have done thus far on hooves and jackfruit, 

respectively. Chapter 6 will layout the proposed future work for the completion of my doctoral 

thesis. Section 7 will concisely summarize the proposal.  

Chapter 2: Impact resistance in nature 

 Impact events are characterized by the collision of two bodies at high velocities. This can 

further be classified into different realms of impact, ranging from explosive (5-15 km/s) and 

ballistic (200-1200 m/s) impacts down to those seen in the natural world (1 m/s-30m/s). The key 

distinction between impact and quasi-static loading is that the process is not allowed to equilibrate 

as the force is applied. In impact systems, the load is transmitted through the material as a series 

of elastic and plastic waves, and these pulses engender the deformation at any given Lagrangian 

point. Despite these differences, most biological materials that experience impacts in nature have 

primarily been studied under quasi-static loading. This is likely because this type of testing is easier 
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to perform and analyze, but while these results are useful, they can lead to very different results 

and conclusions.  

 For example, the conch shell exhibits an intricate cross-lamellar structure with three orders 

of hierarchy. Under quasi-static three-point bending and compression loading, fractures develop 

along the interface of these crossed-lamellae which create tortuous crack paths, arrest cracks, and 

can lead to multiple cracks developing in a single first-order lamellae. All of this has been shown 

to absorb a significant amount of energy and improve the toughness of the conch shell.[7–9] 

However, studies of predation on juvenile conch shows a significant number of fatalities from 

crushing or chipping predators (such as sharks, rays, and hermit crabs).[10] This implies a degree 

of dynamic impact that the conch must protect itself from. When tested under impact conditions 

the conch responded entirely differently. Instead of cracks deflecting along each order of lamellae, 

the third-order lamellae were pulverized into nanorods that absorbed energy through rotation and 

separation from the shell. This failure mechanism delocalizes damage along the surface of the shell 

and helps protect the internal tissue of the conch.[11] A comparison between the fracture surfaces 

of conch shells under dynamic loading (left) and quasi-static loading (right) are shown in Figure 

2.1A. 

 Similar phenomena have been observed in wood as well, where the strain-rate plays a vital 

role in the failure mechanism of the system. Often, denser woods are considered more 

mechanically robust under quasi-static loading, however Matsushita et al. [12] observed that this 

trend becomes less surefire at higher strain rates. Effects that arise from flaw density, interlocking 

grains, and fiber configuration begin to dominate over bulk properties in the impact realm. For 

example, wood species with bands of pores (which typically develop seasonally) performed worse 

than species with uniformly diffuse pores because the closely packed pores acted as crack initiators 
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which lead to failure at lower impact energies. Structural reinforcement in the form of lignified 

aggregate ray cells confine crack paths and stress concentrations and localize damage, causing 

fractures to travel through the material resulting in premature failure. Features like interlocking 

grains on the other hand, disperse impact energy and damage, recruiting more material to resist 

the impact. These are visualized in Figure 2.1 B. 

 These examples illustrate not only the importance of strain-rate when testing impact in 

nature but also the role that different structural features have on a materials’ performance. This is 

typically referred to as the structure-property relationship of a material. In nature, this is immensely 

important as many of the functions performed by biological materials arise from their structure 

rather than from the inherent bulk properties of their constituent parts like traditional engineered 

materials. The quintessential example of this is nacre, the iridescent inner layer of mollusk shells. 

It is composed of 95% aragonite tablets, a brittle naturally occurring mineral composed of calcium 

carbonate. On a microscale, nacre is famous for it’s “brick and mortar” structure where adjacent 

tablets are held together by a thin organic layer. [13–15] When loaded, cracks tend to preferentially 

travel along the weaker organic layer – mineral tablet interface rather than fracturing directly 

through. The result is tortuous crack paths that increase energy absorption and endow nacre with 

a fracture toughness up to nine times that of aragonite.[14] As the cracks travel through the organic 

layer, fiber bridging occurs behind the blunted crack-tip. This is an example of an extrinsic 

toughening method, a strategy that is commonly employed in nature, where structural elements 

behind the crack tip resist its propagation.  

The structure property relationship of nacre’s brick and mortar arrangement, depicted in 

Figure 2.1C has been reported since the early 1980s, however, subsequent research has revealed a 

plethora of smaller features that further enhance this relatively simple structure. Asperities on the 
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surface of the aragonite tablets create a surface waviness that interlocks them with the organic 

matrix and reduces delamination. Mineral bridges between vertically adjacent lamellae form as a 

byproduct of nacre’s growth process and play a similar structural role, reducing delamination and 

regulating the shell’s tensile strength.[16–24] These features are just a snippet of the hierarchical 

structure found in nacre, ranging from the fibrous arrangement of the organic matrix up to 

macroscale curvature of the abalone shell.  

 

Figure 2.1 A.) Fracture surface of conch shell after dynamic (left) and quasi-static (right) 

loading. B.) While density is the primary determinant of wood’s quasi-static properties, the 

structure of certain species becomes very important under dynamic loading. C.) Abalone is the 

quintessential example of a biological material toughened by its structure. The brick and mortar 

arrangement absorbs energy via crack deflection, fiber bridging and platelet rotation amongst 

other mechanisms. 

In a recent publication entitled “A review of impact resistant biological and bioinspired 

materials and structures” a broad range of biological materials were studied to determine recurrent 

design motifs used in nature to resist impact. The results were classified into general architectures, 

being features that are omnipresent in natural materials but whose arrangements are vital for impact 
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resistance, and specific design elements, that is geometries that are found frequently in natural 

materials subject to impact loading and have been shown to improve their functionality. These are 

summarized in Figure 2.2 in the next section. 

 2.1 General Features of Biological Materials that Affect Impact Resistance  

All biological materials, including impact resistant materials, have the following 

characteristics:  

• Hierarchical: discrete structural elements identified across several length scales 

(nano, micro, meso, macro) that work synergistically to enhance the overall 

mechanical properties of the structure. All biological materials are hierarchical due 

to their self-assembly from the atomistic to macro-scale. Every other arrangement, 

whether a general feature or specific structure contributes to the hierarchical 

organization of biological materials.  

• Composite: material made of two or more materials or phases, with distinct 

interfaces, having properties different from those of its constituents.  Biological 

materials are composites typically made of a ceramic and a polymeric phase for 

mineralized systems or a crystalline and an amorphous phase for non-mineralized 

systems. The stiffer phase provides the necessary rigidity and strength while the 

soft phase imparts ductility. Often, biological composites outperform the simple 

composite nature of their constituent parts.  

• Porous: gaps in solid material that are filled with air or fluid can exist across all 

length scales. All biological materials have some degree of porosity as various pore 

shapes and densities can be found throughout nature. Porous materials often 
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increase the energy absorbing capabilities, with an added benefit of decreasing the 

overall weight.   

• Interfaces: shared boundaries between two phases with different properties. 

Interfaces can arrest cracks, enhance flexibility, and contribute to the viscous 

response of materials during deformation. All biological materials have interfaces 

due to their composite nature. There is a vast array of arrangements and materials 

that are used to define these interfaces.  

These components are found across nature and play a significant role in a material’s impact 

resistance. The arrangement and magnitude of these features are also significant factors in a 

material’s response to dynamic loading. In parallel, all biological materials exhibit viscoelastic 

and/or viscoplastic behaviors. This is due to the inherent response of their polymeric constituents 

during loading.  

• Viscoelastic: material property exhibiting both viscous and elastic responses with 

time-dependent stress and strain. The damping of the pulses is an important 

characteristic of impact-resisting materials. 

• Viscoplastic: material properties that involve time-dependent permanent 

deformations, including sliding, delamination, and microcracking. These 

mechanisms dissipate energy. 

The time dependence of a material’s response to loading is important during impact. This inelastic 

behavior is a result of the polymeric constituents found in biological materials (collagen, keratin, 

cellulose, hemi-cellulose, lignin, and chitin) which ultimately determines deformation mechanisms 

and their capacity to absorb and dissipate energy under dynamic conditions. This material behavior 

can be expressed by the time constant in stress relaxation and by the ratio of loss to storage moduli 
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(tan(delta)) in the regime of interest. The features identified in this section are found across all 

biological materials.  

2.1.1 Hierarchical structure 

As alluded to previously, the overarching theme for mechanical biological materials is their 

hierarchical structures. This often involves a combination of different specific design elements at 

multiple length scales. A common example of this is the sutured structure on the surfaces of a layer 

arrangement. This works well because the layered arrangement is good at creating tortuous crack 

paths, providing flexible articulated armors, and recruiting large amounts of material to resist 

impact energy. However, delamination is often a primary failure mode for this type of structure 

and has been observed in horn sheathes [25,26], turtle shell scutes[27], and pangolin scales[28,29]. 

Much like nacre, each of these systems has developed a sutured surface arrangement to help 

interlock adjacent layers, increasing the energy required for pullout/delamination and increasing 

crack path tortuosity.  

Unfortunately, manufacturing hierarchical structures is quite challenging.[30] For additive 

manufacturing there is an inherent tradeoff between minimum feature scale and overall part size. 

For example, 3D printing an airplane wing using a 0.5mm nozzle to obtain minute features would 

be nearly impossible, not to mention impractical. Similarly, despite great strides in 

nano/microfabrication techniques, it is difficult to create patterned nano and microstructures on a 

macroscale part. Subtractive manufacturing suffers a similar dilemma and can be even more time 

intensive. Nature overcomes these limitations by employing a bottom-up self-assembly approach 

where individual molecules are manipulated to form larger arrangements.[31,32] Many 

researchers have tried to overcome the limitations of traditional manufacturing methods by 

copying not only nature’s designs but also biological fabrication techniques. These are based on 
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molecular interactions that can be tuned with external stimuli to modify the resulting architectures 

and functionality.[33]  

Xu [34] reviews the many processes that have been developed for manufacturing 

hierarchical materials and categorizes them into three primary groups: porous materials, structural 

materials, and smart materials. Of these, research in porous materials have seen the most exciting 

growth with advancements in freeze casting, gas bubbling, and emulsion templating just to name 

a few. Xu asserts that, almost unexceptionally, these hierarchical porous materials have structure-

enhanced performance [34]. In the world of impact resistance, hierarchical materials have been 

similarly successful. Estrada et al. [6] constructed hierarchical laminar organic fibrous composites 

with graded mineralization based on Arapaima scales and found significant improvements in 

energy absorption under impact. Jia et al. [35] show that using higher orders of self-similar 

hierarchies allowed for the improvement of stiffness, strength, and toughness simultaneously, 

while also confining damage to smaller length scales under dynamic loading. Using multiple 

structures on the same length scale gave the advantages of each, while also providing synergistic 

bonuses. 

2.1.2 Porous, Composite, Interfacial 

The other three features identified as vital general architectures in biological impact 

resistant materials are pores, interfaces, and composite arrangements. Each of these are found in 

all biological materials but are particularly important for impact resistance. Pores, for example, 

absorb strain energy when they compact and are often deployed to create a lightweight, deformable 

foam-like layer. The pericarp of pomelos effectively utilizes this strategy to mitigate damage to 

the fruit’s internal structure when it falls to the forest floor. The pericarp has a closed-cell strut 

structure. The struts are filled with a shear-thickening fluid that dampens impact while the gaps 
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between the struts densify to allow the material to achieve up to 60% strain before densification 

begins.[36,37] This design has served as inspiration for fiber-reinforced metal cast foams, 

hierarchical honeycomb structures, and damping materials via shear-thickening fluids.[36–40] 

Other biological systems, such as human skulls[41–44], turtle shells[45–49], beetle elytra[50,51], 

and fruits/nuts [52–56] have porous designs for the sake of dissipating strain energy through 

densification.   

As engineers have become increasingly aware over the past century, composite designs, 

(systems composed of two or more materials with varied properties) are capable of achieving 

stellar properties by exploiting the strengths of each constituent component. However, like many 

hard-learned engineering lessons, nature has been making the most of this principle for eons. 

Stomatopods (mantis shrimp) evolved ~ 175 million years ago and developed their characteristic 

hammers for hunting hard-shelled prey approximately 50 million year later.[57] Today, these 

strikers have taken their place as one of the most impact resistant biological materials in the world 

and have been rigorously studied by researchers to understand how these biocomposites survive 

impacts that can reach up to 23m/s.[58] On the surface, the mantis shrimp’s dactyl club is 

composed of highly ordered hydroxyapatite (HAP) crystals. These provide remarkable stiffness 

for the transference of impact energy to prey and at the same time absorb energy through rotation, 

translation, and ablation over the course of the molt’s lifetime. An interpenetrating organic phase 

composes about 17% by weight of this surface layer creating two bicontinous phases and 

toughening the highly mineralized exterior. The organic layer guides the grain formation of the 

HAP crystals so that they are closely aligned with low-angle grain-boundaries. This further 

toughens the impact surface.[59] Beneath this ~70 μm thick surface coating are herringbone 

shaped chitin fibers mineralized with HAP. This arrangement eventually transitions into a softer 
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“periodic zone” where amorphous mineralized fibers are arranged into a helicoidal Bouligand 

structure (often referred to as a twisted ply structure).[60] This fibrous arrangement is famous for 

providing isotropic macroscale in-plane mechanical behavior and for creating twisted crack 

interfaces that improve the toughness of the material.[61–67] Due to the higher polymer content 

in this inner layer, it is more viscoelastic and exhibits strain hardening behavior due to densification 

of microchannels that collapse and dissipate impact energy.[68] The result of this ingenious 

composite is a highly damage tolerant, tough, yet stiff impactor that can pack a punch while also 

withstanding thousands of high-velocity impacts. 

Finally, the interfaces between different components in biological materials are of utmost 

importance. This can be clearly seen in the previous examples regarding nacre, conch shell, and 

stomatopod dactyl clubs, however arguably the best example of this can be found in scales. 

Pangolin scales, for instance, have an articulated arrangement that allows for remarkable flexibility 

without sacrificing protection.[28,69] In fact, the overlapping nature of the pangolin scales can be 

beneficial for protection since damage cannot travel easily between adjacent plates. Cracks are 

arrested at the interface between scales and any predator hoping to penetrate the pangolin’s armor 

must cause multiple scales to fail independently. Similar designs are observed in arapaima scales 

[70–72], who’s articulated dermal armor allows them to resist predation from the fearsome 

piranha. While many natural interfaces involve trapping cracks in sacrificial layers or preventing 

damage from jumping between adjacent features, interfaces can also be tuned to force a crack into 

a tough material. Liu et al. [73] studied suture structures and found that increasing structural 

hierarchy and the sharpness of suture tooth interfaces encourages cracks to penetrate into the 

skeletal layer rather than traveling along the interface. This can be beneficial for systems that are 

highly polymeric and inherently tough rather than mineralized and brittle. This example highlights 
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how interfaces can be utilized in many different ways to affect the mechanical properties of 

biological materials.  

2.2 Specific Architectures Found in Impact Resistant Biological Materials 

Additionally, many impact resistant biological systems have developed specific impact 

resistant structural elements typically found on the micro- and meso-scale which include:  

• Layered: laminate layers consisting of fibrous structures with distinct interfaces 

which serve as crack dissipators. Fiber orientations change from layer to layer, 

either in plane (laminated structures) or out-of-plane (Bouligand structures)  

• Gradient: a gradual change in a material property (e.g., modulus, density), 

architecture (e.g., porosity), and/or composition.  

• Tubular: hollow channels typically aligned along a given axis.  

• Sandwich: two stiff layers separated by a softer, porous layer allowing for a 

lightweight yet stiff, strong, and energy absorbent material.  

• Sutured: an interlocking interface connecting two neighboring components.  

 

These elements are found in a variety of biological systems that experience impact and are often 

used in conjunction with each other, leading to impressive properties under dynamic loading. 

While these structures act as the building blocks for hierarchical, impact resistant structures, tests 

using computer simulations, 3D printing, and composite prepregs have allowed researchers to 

probe the function of these architectures as independent designs. Many studies have found that 

even as the sole design components, these arrangements can improve the impact resistance of a 

material.  
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Figure 2.2 General architecture and specific design elements found in biological materials and, 

more particularly, impact resistant materials. (Top) Four general features found in all biological 

materials that are especially important for impact resistance. All biological materials are 

hierarchical. These hierarchies are composed of various arrangements of composite materials, 

pores, and interfaces. (Bottom) Five micro- and meso-structures that are commonly found in 

impact resistant biological materials and have been shown to improve performance under 

dynamic loading. These include sandwich, tubule, layered, sutured [74], and gradient structures. 

Image taken from [75]. 

2.3 Testing Methodology 

To understand the impact resistance of biological materials researchers have utilized a 

number of different mechanical tests. These tests differ in their ability to consider different loading 

conditions, loading orientations, and strain rates. With materials that are highly anisotropic (i.e. 

dry big horn sheep horn [76]) or strain rate sensitive (i.e., bone [77]), it is important to test materials 

in a number of different orientations in a broad strain-rate range. Table 2.1 compiles different 

testing methods and strain rates used to examine the impact resistance of biological materials in 

the preceding sections. This table does not provide an exhaustive list of all testing done on these 

systems but provides an idea of what work has been done.  
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Table 2.1 Summary of dynamic testing techniques and strain rates on biological systems. 

Biological 

System 

 Drop 

tower 

Hopkins

on bar 

Compressi

on 

test 

Tensile 

test 

Flexural 

test 

Shear 

Punch 

test 

Other 

Pomelo  -- -- 5 mm/min 

[53] 

-- -- -- (free 

fall) 
10.85 

m/s [53]  

Coconut  -- -- -- 0.3 mm/min and 0.6 
mm/min [55] 

-- -- -- 

Wood  1.6 m/s 

[12] 

-- 12 mm/min 

[12] 

-- -- -- -- 

Hooves  -- 1000 s-1 

[78] 

2.5 – 

1.7x10-5 m/s 

[79], 0.1s-

1,0.01s-1, 

0.001s-1 [78] 

5mm/min [80], 8.3 

x10-5 m/s [81], 2 

mm/min [82] 

-- -- -- 

Horns  >3.8 m/s 
[83], 4.4 

m/s [25] 

4000 s-1 
[76] 

0.5s-1, 0.1s-

1, 10-3s-1 

[76], 

3mm/min 
[25] 

2 mm/min [26] 2 mm/min 
[26] 

-- -- 

Pangolin 

Scales 

 -- -- 10-3  s-1 [29] 10-1 – 10-5 s-1 [29] -- -- -- 

Tendon  -- -- -- 5, 0.5, 0.05% s-1 

[84] 

-- -- -- 

Ligament  1.5 m/s 
[85] 

-- -- -- -- -- (Impacto
r 

Trolley) 

~1 m/s 
[86] 

Cartilage  1500-740 

s-1 [87], 1, 
0.75 m/s 

[88] 

-- -- -- -- -- -- 

Bone  -- 6.1 m/s 
[89] 

1,500 s-1 – 
0.001 s-1 

[77], 0.6 

mm/min 
[89] 

-- -- -- -- 

Turtle 

Carapace 

 -- -- 100 – 10-4 s-1 

[46], 10-3 s-1 

[74], 2 

mm/min 

[47] 

-- 0.5 mm/min 

[49] 

-- -- 

Human 

Skull 

 8-7.1 m/s 

[43] 

– 2.5mm/s 

[43] 

-- -- 0.1 and 

0.001 s-1 

[44] 

-- 

Elk Antler  >3.8 m/s 

[83] 

-- -- -- 0.9 mm/min 

[90] 

-- -- 

Conch 

Shell 

 -- 1383 -
1686 s-1 

[11] 

10-2 –  10-4 

s-1 [11] 
-- 0.1 mm/min 

[7] 
-- -- 

 

One of the most popular testing techniques is the drop tower, which is capable of 

reproducing impacts that occur in the natural regime (< 25 m/s). These experiments are useful for 

understanding the energy absorption and damage tolerance of a material and is good for comparing 

different materials tested under the same conditions. However, drop towers have a number of 
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important variables that can make it difficult to compare results between different studies. These 

include sample size, clamping mechanism, and indenter shape and size. For very high strain rate 

tests and insight into stress-wave interaction in a sample, Hopkinson bar tests have been utilized 

to examine biological materials. These tests give unique insight into a material’s response to 

dynamic loading but can be expensive [76] and may necessitate modifications for low impedance 

materials, which is characteristic of biological materials. These modifications involve using bars 

with the proper impedance mismatch ratio relative to the sample such as woven glass epoxy 

composite, PMMA, or magnesium alloy bars [76,91]. Further, a pulse shaper is often used to 

ensure stress equilibrium and homogenous deformation in the sample [76,92]. The most popular 

testing methods for impact resistant materials are simple compression, tensile, and flexural tests, 

often using a universal testing machine. As has been examined in previous sections, these tests are 

restricted to strain rates below the ones in dynamic, impact regime (~1-2 s-1) but can provide 

insight into deformation and fracture mechanics. The allure of compression, tensile, and flexural 

tests is their ease of use and simplicity. These tests can provide valuable material parameters such 

as elastic modulus, Poisson’s ratio, fracture toughness, ultimate strength (even though these may 

vary with strain-rate). Different strain rates can also be accessed using these simple techniques and 

important strain-rate dependent trends can be observed. Free-fall experiments (where the sample 

is dropped onto a surface rather than a weight onto the sample as in drop tower experiments) and 

shear-punch tests are used much more sparingly than other testing methods and were only 

examined in this chapter for the pomelo and human skull, respectively. There are other techniques 

for quantifying impact resistance, such as Izod and Charpy testing, but these have not been as 

widely used to study biological materials mostly in part due to samples being too small.  

For lower strain-rate tests (<100 s-1) the inertia of the sample can be ignored, but for higher 
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strain-rates experiments must take into account the force required to accelerate a material to high 

deformation speeds. Above 100 s-1, the force is not simply dictated by the material’s intrinsic 

strength. Inertial effects are also greater in larger samples [93]. Another consideration for high and 

low strain-rate testing is the use of plane stress approximations. In shock tests that involve strain 

rates ≥ 106 s-1 this approximation breaks down and plane strain must be used. Figure 2.3 shows the 

achievable strain rates for a variety of mechanical tests, including each of the tests discussed in 

this section. The figure also indicates the strain-rate thresholds for plane stress approximations and 

disregarding inertial effects of the sample. 
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Figure 2.3 Testing methods and their achievable strain rates. 
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This section will highlight nature’s most successful impact resistant materials and will 

identify several trends that are observed in representative systems. We group these materials into 

the following categories: cellulose, hemi-cellulose, and lignin systems (fruits, nuts, and wood); 

keratinized systems (horns, hooves, pangolin scales), collagenous systems (tendons, ligaments, 

cartilage), and mineralized systems (bone, skulls, turtle carapace, and marine systems).  

2.4 Cellulose, Hemi-Cellulose, and Lignin Systems 

Many nuts and fruits need to be able to endure the natural process of falling to the ground 

and seed dispersal mechanisms which can involve significant impact forces. Tree trunks are 

exposed to dynamic loading during extreme natural events such as avalanches or hurricanes. These 

systems are also subjected to impacts from animals and even from other trees falling. This section 

focuses on the dynamic loading conditions and the energy absorbing mechanisms of cellulose, 

hemi-cellulose, and lignin based systems.  

  2.4.1 Nuts and Fruits 

 Pomelos have developed a protective exterior that has three distinct layers: a compact layer 

of external cells (exocarp), a thick spongy middle layer (mesocarp), and a dense layer adjacent to 

the fruit’s pulp termed the endocarp. This layered system is conventionally referred to as a 

sandwich structure. The dense endocarp and exocarp are tough and prevent puncture while the 

highly porous mesocarp can collapse elastically absorbing strain energy. The mesocarp can reach 

a porosity of up to 80% and only begins to densify after 55% strain [53].  

Similarly, coconuts have a three-layered sandwich structure, with a firm exterior and 

internal layer with a soft mesocarp in between [53]. The coconut shell is highly hierarchical, having 

hollow channels (~200 μm diameter) surrounded by hollow fibers (~15 μm diameter) whose walls 
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are composed of an intercellular ladder structure (with gaps on the scale of 1-10 μm) [55].  As the 

coconut ages, it becomes more porous and has higher strength and fracture toughness [55]. The 

microstructures of old and young coconuts are shown in Figure 2.4. The porous nature of the 

coconut mesocarp has also been shown to trap, blunt, and deflect cracks, forcing them to take 

circuitous paths [55]. In older coconuts, these effects are magnified as can be seen in Figure 2.5A, 

where cracks formed in old coconuts (i,ii) are jagged and tortuous compared to the relatively 

straight cracks (iii,iv) in young coconuts. This leads to improved strength as well as crack initiation 

and growth toughness in older coconuts (v-viii) [55]. Further, individual fibers and fiber bundles 

in the coconut mesocarp are capable of enduring strains up to 40% before experiencing benign 

failure [53]. The porosity and fiber ductility of the mesocarp allow the coconut to sustain 

significant deformation without failure. 
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Figure 2.4 Structural comparison of young and old coconuts. Coconuts develop a porous 

hierarchy composed of hollow channels, surrounded by hollow fibers with ladder structured 

walls, and nanopores embedded in the lamellar arrangement of the coconut shell [55].   
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Figure 2.5B shows the typical stress-strain curve for the foam sandwich structures found 

in coconuts and pomelos. In the first region of the curve, the stress and strain rise to the necessary 

threshold to begin deforming the porous central layer of the material. Once this stress level has 

been achieved, it remains relatively constant while the foam layer begins to compact. This process 

of pore collapse absorbs significant amounts of energy, even at higher strain rates. Damage begins 

to occur in the rest of the material only after the pores have been compacted. This structure is not 

only impact resistant due to its high strain endurance, but also because it spreads the impact 

throughout the porous network as it collapses. This is important for pomelos and coconuts which 

can resist impact energies up to 1.5 kJ [53].  
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Figure 2.5 Impact results on cellulose, hemi-cellulose, and lignin based systems. A) (i-iv) 

Fracture patterns in old and young coconuts loaded in tension in the longitudinal and latitudinal 

directions. (v & vi) Stress strain curves obtain from tensile testing and (vii-ix) Kj (resistance) R-

curves for coconut fracture tests performed under three-point bending conditions [55]. B) 

Typical stress strain curve for biological sandwich structures; There is an initial linear elastic 

response from the material, followed by the green region of the stress-strain curve where the 

foam’s pores collapse, allowing for high strain endurance and energy absorption, until finally in 

the red region of the stress-strain curve the foam layer has densified and can no longer collapse 

anymore, resulting in plastic deformation and damage. C) Wood structure and deformation under 

impact. (i-iv) Different arrangements of pores and aggregate rays and (v-vii) the fracture patterns 

of representative wood samples under impact. (viii) Micro-computed tomography images of 

wood after impact at 0.4 mm, 0.3 mm, 0.2 mm, and 0.1 mm respectively from the impact center. 

(ix) Force displacement curves of three different types of wood, with images showing their 

deformation mechanism [12].  
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 2.4.2 Trunks and Stems  

Many woods can be conceptualized as closed cell foams with a rigid outer layer (bark) and 

a stiff compact core creating a porous sandwich structure. Different species have different porous 

arrangements which can be seen in Figure 2.5C (i-iv). Matsushita et al. [12] examined eight 

different wood species under impact conditions and concluded that the banded nature of the woods 

affected their impact strength. While pores sometimes act as crack arresters, they can also act as 

flaws that initiate cracks and delamination. Figure 2.5C (viii) shows microcomputed tomography 

images of white ash after impact. Near the impact center, delamination initiates at pores which are 

outlined in red, while farther from the impact zone compressed pores and cracks that are arrested 

at pore interfaces are outlined in yellow and black, respectively. When pores are packed close 

together in ring or semi-ring porous arrangements, this effect is magnified leading to rapid 

catastrophic failure at the porous bands. Several of the species that were tested also contained 

arrangements of aggregated ray cells. These cells are more rigid than the surrounding tissue and 

when grouped into large bundles divide the pores into enclosed sections. Matsushita et al. [12] 

determined that these bundles localize the damage zone of the material, so that only small areas of 

the porous structure are affected by the impact. Figure 2.5C (v,vi) shows how the rigid rays can 

confine cracks. In these instances, very little material contributes to the dissipation of impact 

energy. Further, these bundles compartmentalize crack deflection, resulting in straight smooth 

cracks unlike the rough cracks that meandered through the porous networks found in similar wood 

species without aggregated ray cell bundles (Figure 2.5C (vii)). 

Of the eight types of wood tested, African mahogany exhibited the best impact resistance. 

It dissipated energy via fiber bending and pullout, a mechanism observed in a number of other 

biological systems [94] as well as in engineered composites [95]. After impact, entire tracheid 
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fibers would be bent, the ends of which showed evidence of cell wall delamination and helical 

unwinding. These processes significantly delocalize damage and absorb energy without causing 

catastrophic failure. Less impact resistant species, like white oak, did not disperse the load 

throughout the entire material and instead simply fractured across the fibers near the impact zone. 

Other species, such as the Red alder, dissipated energy through fiber bending before rupturing at 

low displacements. Figure 2.5C (ix) shows the force displacement curves of these three species 

alongside SEM images that illustrate these deformation mechanisms. The most impact resistant of 

the species, African mahogany, had an intermediate force displacement curve, enduring larger 

displacements than Red alder and larger peak forces than White oak. Matsushita et al. [12] 

contends that wood can be viewed as a fiber reinforced composite, where adhesion between the 

fibers in the wood and the surrounding matrix is key to understanding the impact resistance. 

Adhesion plays a particularly important role at higher strain rates, when the viscous response of 

the wood is minimized and shear stress between the fibers and the surrounding matrix builds 

rapidly.  

2.5 Keratinized Systems  

Keratin is a highly prevalent protein in nature, found in the integument of a variety of 

animals. Keratinous materials serve a wide range of functions such as insulation (i.e., hair and 

wool), filtration (i.e., whale baleen), and flight (i.e., feathers). Additionally, one of the most 

common uses of keratinous materials in nature is for impact-resistant applications. The hoof walls 

of many ungulates such as horses, bovines, and donkeys are composed almost entirely of keratin. 

The same is true for the horns of the bighorn sheep, yaks, and rhinoceros. These body parts 

experience repeated impacts over the course of an animal’s life and since keratin is often embedded 

in dead cells that do not self-repair, these structures are prime candidates for biomimetic materials. 
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The outer-most layers of many defensive biological systems, such as turtle shells and armadillo 

armor, are composed of keratin scutes. However, the primary structural components of these 

systems are the subdermal bony layers, so they will be discussed in the next section. Pangolins, on 

the other hand, have a dermal armor composed solely of overlapping keratin scales that provide 

protection from predators like lions [29]. Important keratinous structures will be examined in this 

section. 

2.5.1 Hooves and horns 

The hooves of horses suffer repeated high impacts with a deceleration of ~43 g [96]. Horse 

hooves are composed of keratin and, like all keratinous materials, have mechanical properties that 

are highly dependent on hydration. The hoof has two hydration gradients, (1) distal to proximal 

and (2) interior to exterior. These hydration gradients originate at the living tissue adjacent to the 

hoof which supplies moisture to the dead keratin cells. The exposed surfaces of the hoof release 

moisture and dry out more quickly than the internal layers. These variations in hydration lead to a 

significant gradient in the mechanical properties of the hoof, since dry keratin is stiffer and less 

tough than hydrated keratin [97]. This stiffness gradient is further enhanced by a slow decrease in 

keratin intermediate filament density from the exterior of the hoof to the interior [82]. This gradient 

structure allows the load-bearing keratin of the hoof wall to dissipate energy to the skeletal 

structure while also cushioning sensitive tissue at the hoof interior [98]. The hard, exterior surfaces 

of the hoof are firm and puncture resistant. Since the hoof wall becomes tougher towards the 

interior, cracks that are traveling inward will often be blunted and can more easily be redirected 

[79]. Similar hydration gradients can be found in other keratin systems such as steer horn sheathes, 

where the hydrated base of the horn wall is more flexible, increasing bending toughness under 

impact [26]. 
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Additionally, there exist gradients in tubule shape, size, and density found in the hoof wall. 

The hollow tubules in the hoof are approximately 40 µm  in diameter and are surrounded by a rigid 

cortex of dense keratin as depicted in Figure 2.6A (i) [78]. Towards the edge of the hoof wall the 

volume fraction of tubules increases and the shape of the tubules becomes more elliptical and 

smaller as shown in Figure 2.6A (ii) [97,99]. These gradients in tubule shape, size, and density 

serve multiple functions. The denser tubules provide more reinforcement along the outside of the 

hoof, enhancing the stiffness gradient, and deflect cracks away from the living tissue at the interior 

of the hoof. The change in tubule shape is thought to increase the moment of inertia as a response 

to the significant bending stresses found at the edges of the hoof during impacts [97,98]. 

Hopkinson bar impact testing on hoof showed minimal cracking in the tubular region, suggesting 

that the tubules deflect cracks. Further, the reinforced tubules prevented the shear banding that is 

evident in similar tests on horns. Compression tests along the tubule axis showed that the tubules 

buckle and crack to dissipate energy but are able to completely recover their shape at strains up to 

30%, indicative of the viscoelastic behavior of the keratin [78]. 
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Figure 2.6 Keratinous systems such as hooves, horns, and pangolin scales exhibit common 

impact resistant structures. A) (i,ii) Horse hooves have a gradient of tubular structures that vary 

in shape, size and density through the thickness of the hoof wall. These structures are composed 

of dead cells that are embedded with keratin intermediate filaments. These cells form layers 

whose arrangement can be seen in the bottom of figure A (ii) [81]. (iii, iv) The fracture pattern of 

horse hooves under tension at low strain rates alongside (v,vi) the fracture pattern of horse 

hooves at high strain rates. (vii) The stress strain curve of the horse hoof at different strain rates 

[79]. B) (i-vi) Stress strain curves of bighorn sheep horn under compression in three different 

directions. Each orientation was compressed at three different strain rates under wet and dry 

conditions. (vii-xx) Optical and SEM images show the different deformation mechanisms of the 

horn under varying loading conditions, hydration levels, and orientations[76]. C) The sutured 

pangolin lamellae have different deformation mechanisms at high and low strain rates. At low 

strain rates, lamella pullout and delaminate while at high strain rates, there is smooth fracture 

across the interface. These mechanisms are shown in the schematic.[29]  

While horse hoof walls have both a tubular and gradient character, they also have a tri-

laminar ply structure that varies in orientation through the hoof [79]. At the nanometer level, the 

keratin in horse hooves is arranged into intermediate filaments (IFs) that are approximately 7 nm 



 

29 
 

in diameter. These filaments fill cells that interlock with wavy, suture like surfaces and then align 

themselves into layers with weak interfaces in between them [81,100]. This hierarchical structure 

is depicted in Figure 2.6A (i). As cracks propagate within the hoof wall, they get caught in these 

sacrificial layers which deflect them away from the living tissue at the hoof’s interior. In fact, 

tensile testing revealed that it is nearly impossible to propagate a crack through the hoof in any 

direction other than between the aligned IFs, regardless of the orientation of the notch [80]. Figure 

2.6A (ii) shows the orientation of the IFs, with filaments oriented radially in the hoof appearing 

yellow, axially oriented filaments appearing blue, and filaments perpendicular to the hoof section 

appearing purple. 

 High strain rate tensile tests confirmed that in the central portion of the hoof wall, cracks 

had a strong tendency to travel along the intercellular, laminar planes (pictured at the bottom of 

Figure 2.6A (ii)) similar to the quasi-static tensile tests, while in the inner and outer regions of the 

hoof, cracks traveled along tubule interfaces leading to delamination. The response of the hoof 

under impact is a prime example of how quasi-static tests can be useful for understanding a 

material under dynamic loading but do not always capture the full nature of a material’s impact 

resistance. Figure 2.6A (iii, iv) shows fracture patterns of the hoof at low strain rates compared to 

the fracture pattern of the hoof at high strain rates (v,vi). Impacted samples had smoother fractures 

and less tubule pullout but experienced the same regional preferences for the cracking direction. 

The viscoelastic nature of the hoof keratin has also been shown to increase the toughness of the 

hoof with increasing strain-rate and lead to crack tip rounding. However, at higher strain rates 

smoother fracture patterns through cellular layers and less tubule pullout were observed suggesting 

brittle failure for higher velocity impacts [79]. This is akin to what is observed in toucan beak 

keratin [101]. At higher strain rates, the hoof absorbed more energy and had a higher ultimate 
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stress, as can be seen in Figure 2.6A (vii). All of the lower curves are on samples that were kept 

fully hydrated and then left in ambient conditions for 24 hours, the upper curve label 75% RH is a 

sample that was left in a 75% relative humidity environment until it equilibrated. The difference 

in the shape and maximum values of the stress-strain curves shows how hydration can drastically 

affect the properties of the hoof [79].   

 Lee et al. [83] performed drop tower tests on elk antler, steer horn, ram horn, armadillo 

carapace, and abalone and concluded that delamination was one of the dominant modes of energy 

dissipation in each material. They proposed that the large increase in surface area that occurs with 

delamination represents a highly effective mechanism of absorbing energy. The most impact 

resistant structure tested by Lee et al. [83] was the steer horn sheath in ambient hydration 

conditions, which exhibited a normalized failure impact strength of 99 kJ/m2. This value was over 

eight times that of abalone and nearly twice the one for elk antler. Significant amounts of energy 

were dissipated by internal delamination within the horn samples during impact. Steer horn likely 

accomplishes this high impact strength with the wavy lamellar layers formed by keratinized cells 

in the sheath wall. These wavy layers resist the nucleation of new cracks and impede crack 

propagation. Further, the interfaces between the lamellae are characterized by labyrinth-like 

surfaces, which create large amounts of interlaminar friction during delamination [26].  

Horns of other species, such as the yak and bighorn sheep, also possess impressive impact 

properties. The yak horn is a tapered, gradient structure that is narrow at the tip and gradually 

widens towards the base. It is composed of a keratin sheath around a bony core. The tip of the yak 

horn is older and denser and exhibits higher hardness, strength, and energy absorption under 

impact. Quasi-static compression tests revealed a multitude of failure mechanisms including 

densification under lateral tests and lamellar buckling, delamination, and fiber tearing in the keratin 
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sheath when the samples were compressed axially. However, impact testing of the yak horn 

revealed a lower energy absorption and brittle failure at higher strain rates. This is counterintuitive, 

considering that the horn’s primary role in nature is under impact. The authors [25] suggested that 

this may have been a result of ambient moisture levels that were not representative of the fresh yak 

horn. This example underscores the importance of hydration and the difficulties of comparing 

results between studies on biological samples when ambient conditions are not the same.  

Bighorn sheep horns have a similar composition to yak horn but are spiraled rather than 

straight. This macroscale geometry makes the horn act as a loaded torsion spring and vibrates after 

impact to dissipate energy. Further, the porous trabecular bone found in the core of the horn resists 

bending and absorbs a significant amount of strain energy during impact [102]. The keratin sheath 

of the horn has an intricate microstructure of tubules and cell lamellae which are oriented at a 30° 

angle to each other [76]. Similar to the hoof, there is a porosity gradient through the hoof with a 

porosity of ~10% at the exterior of the keratin and 0% at interior. However, the tubules are oriented 

perpendicular to the loading direction, unlike hooves where tubules are parallel to the impact 

[103].The lamellar cells are pancake shaped and filled with keratin fibers (intermediate filaments) 

that are in plan of the flat surface. Figure 2.6B (i-iv) shows the response of horn samples in the 

wet and dry states under various loading conditions (different strain-rates and orientations). Dry 

samples were able to withstand much larger stresses as water softens the keratin and makes it more 

compliant. However, dry samples were also much more anisotropic, performing noticeably better 

when compressed in the radial direction (the natural loading direction). This was true for impact 

and quasi-static tests. This anisotropy arises from the asymmetrical microstructure, although 

hydration can override these effects. Some of these microstructural effects can be visualized in 

Figure 2.6B (vii-xx). When dynamic loading is applied along the radial direction (Fig. 3B(i)), the 
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tubules oriented perpendicular to the impact direction collapse, absorbing significant amounts of 

energy. Impacts from other directions lead to shear banding, delamination, microcracking, 

buckling of the lamellae as well as tubule buckling but absorb less energy and recover less after 

impact [76]. Wet samples (xi, xv, xx) showed no obvious microstructural damage under impact, 

strengthening the claim that hydration can override microstructural effects. Similar to horse 

hooves, the bighorn sheep horn absorbed more energy and withstood larger stresses at higher strain 

rates. Much like yak horn, bighorn sheep horn properties are highly dependent on hydration, 

exhibiting brittle failure and anisotropy at low moisture levels. In the hydrated state, the horn is 

more isotropic, recovers its original length after dynamic loading at strains of up to 30%, and 

becomes much more ductile [76,104]. 

2.5.2 Pangolin scales 

Fiber orientation has also been explored in pangolin scales where a crossed-fiber 

arrangement exists between crossed-lamellar structures which are interlocked with sutures. While 

each of these structures undoubtedly contributes to the mechanical properties of the scales, the 

crossed-fiber arrangement is unique compared to other keratinized systems. When torn, the 

pangolin scales fracture in a zig-zag manner unlike fingernails or feather rachis which have 

uniaxially oriented fibers and tear in smooth lines. In nature, systems like fingernails and feathers 

are typically subjected to predictable uniaxial stress, whereas the impact experienced by pangolin 

armor is unpredictable and can be multidirectional. With fibers crossed in multiple directions it is 

difficult for cracks to propagate through the lamellae. Failure of the scale at low strain rates 

typically requires fracturing or delaminating these crossed-fibers as the lamellae pullout. At high 

strain rates, these mechanisms begin to break down and the lamellae do not have time to delaminate 

and deform. Instead they experience brittle failure with smooth fracture surfaces through lamellae 
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[29]. These failure mechanisms and their strain-rate dependence are illustrated in Figure 2.6C. 

2.6 Collagenous Structures 

Collagen is the most abundant protein in mammals, serving as a building block of most 

tissues with mechanical functions. Collagen has a hierarchical structure and a characteristic axial 

67 nm periodicity seen in electron microscopy images [105,106]. Many tissues are made of 

collagen, including bone, tendon, ligament, muscle, intervertebral disc, intestine, cornea, and 

others [105,106]. Collagen provides strength in tension for soft tissues and flexibility, keeps the 

form, and serves as a framework for mineralization in hard tissues. Experimental studies on 

collagen report initially linear stress-strain curves and time-dependent recovery (i.e., viscoelastic 

behavior) [107,108].  

2.6.1 Tendons and Ligaments 

 The tendon has the highest content of collagen out of all collagenous tissues. Its function is to 

connect a muscle to the bone while ligament’s purpose is to link bones together. Tendons and 

ligaments also facilitate motion and keep joint stability. They are subjected to uniaxial tensile 

loadings along their length. Thus, it is not surprising that their fibrous structures at different scales 

are all aligned in one direction. Their functions require that they are elastic and flexible but 

sufficiently stiff to transmit tensile forces and absorb large amounts of energy, such as in landing 

from a jump. This combination of properties is achieved by their hierarchical organization, which 

includes waviness at different scales and sliding of elements at different structural levels.  

  The hierarchical organization in tendon and ligament allows the distribution of stresses at 

each level of structure, minimizing stress concentrations, which could lead to failure and fracture. 

Such architecture is advantageous in handling dynamic and fatigue loadings. The stress-strain curve 
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exhibits initial non-linear behavior due to fiber uncoiling, which can be extended with very little 

force, followed by steeper, linear segment resulting from progressive straightening of the crimps. At 

normal physiological loads, the material response is at the initial non-linear toe region [106]. At very 

high strains, collagen fibers start to disassociate into subfibers, fibrils, and microfibrils, accompanied 

by yielding and irreversible damage. Tendons and ligaments have time- and history-dependent 

viscoelastic/viscoplastic properties, which are due to viscoelasticity of solid phase and water 

interaction with ground substance [106,109]. Tendons and ligaments are connected to bone, which 

is mineralized and thus has much higher stiffness. Those interfaces are again highly hierarchical, 

composite, and functionally graded to minimize stresses at the junctions [110].   

2.6.2 Cartilage 

Cartilage is a connective tissue that is present in three different forms (hyaline, fibrous, and 

elastic). Articular (also called hyaline) cartilage makes up the fetal skeleton, ribs, the wall of 

thorax, and the friction-reducing material at joints. Fibrous cartilage forms discs in spine which 

render it flexible, while elastic cartilage is found in nose, ears, and walls of thorax and larynx. Our 

interest is in articular cartilage, found at joints, which has impressive ability to absorb high loads 

[106,111].  

Articular cartilage, when healthy, provides a smooth and low-friction surface for joints, 

excellent lubrication in combination with synovial fluid, cushioning, and it distributes applied 

forces to the underlying bone. Its excellent and multifunctional properties are due to its composite 

and hierarchical structure. Articular cartilage is a composite material consisting of 20-30 wt% of 

a solid phase (mainly collagen Type II and proteoglycans), with the rest being a fluid.  The 

following structural scales can be identified in articular cartilage: (a) nanoscale – the dense 

extracellular matrix (ECM) consisting of water, collagen, proteoglycans and other organics. (b) 
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microscale – the ECM and small percentage  of cells, (c) mesoscale – the four zones: the tangential, 

intermediate, radiate, and calcified zones, and (d) macroscale – the functionally graded fluid-filled 

cartilage tissue [106,111,112]. 

In the tangent zone collagen fibers are aligned tangentially to the surface to resist shear 

stresses exerted by bone; in the intermediate zone fibrils are randomly arrayed and less densely 

packed; in the radiate zone, fibrils are aligned normal to the underlying bone, while the calcified 

zone secures cartilage to bone. These four zones give rise to a functionally graded material, with 

collagen fibrils gradually changing their orientation, which is ideally designed to have on one side 

shear resistant surface providing smooth contact and be solidly attached to bone at the other side.  

Articular cartilage forms a thin layer (0.5-5 mm) on ends of long bones in a synovial joint. 

In addition to providing a smooth, nearly frictionless surface for joints to slide on, it distributes the 

loads and transfers loads across bones. Dynamic loads amplify the impact forces acting on the 

joints. The fluid has a significant impact on the properties of cartilage. The pressurization of water 

gives the articular cartilage ability to withstand dynamic loads, often as high as several times one’s 

body weight. The presence of a fluid, which can be considered as incompressible, plays an integral 

role in resisting and damping the loads. Thus, cartilage is a porous solid filled with fluid. 

Macroscopic properties of cartilage depend on the movement of fluid flowing in and out of pores 

during the deformation, resulting in a complex non-linear and time-dependent behavior [113]. 

Articular cartilage is a non-linear viscoelastic/viscoplastic, or more accurately poro-viscoelastic 

material.  In poroelasticity theory, mechanical loading gives rise to pressure gradients in fluid-

filled pores [106]. 



 

36 
 

2.7 Mineralized Systems 

The biological systems discussed so far are composed almost exclusively of protein or 

fibrous constituents. Mineralized systems incorporate a stiff ceramic phase in conjunction with 

these tough biopolymers, allowing for the creation of more complex composite arrangements with 

impressive properties. Many mineralized systems such as the shells of marine organisms, turtle 

carapace, and bone (especially the skull) are defensive armors that are used to protect internal 

tissue. Other mineralized systems are utilized for more specified offensive functions, like the 

hammering of wood by the woodpecker beak or smashing of shells by the mantis shrimp dactyl 

club. Both offensive and defensive systems have evolved an intriguing range of structures to 

improve impact resistance. 

  2.7.1 Bony systems  

Bone is a connective tissue that, among its other functions, serves as structural support for 

soft tissues in the body and protection of organs. As a structural material, bone has excellent 

properties: high stiffness, strength, toughness, energy absorption, while being lightweight. These 

impressive properties are due to bone’s composite, spatially heterogeneous, and hierarchical 

structure [106,114].   

At the macroscale, bone consists of cortical (compact) low-porosity bone forming an outer 

shell and cancellous (trabecular) highly porous bone filling space between or at long bone’s ends. 

Such structure is optimal as it allows the body to withstand high functional loads, minimizes 

weight, and porous network at ends distributes loads at joints. Bone is a composite material that at 

the nanoscale is made of soft and deformable organics (mainly collagen) and stiff but brittle apatite 

minerals, with about 1:1 ratio by volume, and fluid-filled pores. Collagen fibrils are mineralized 

with nanoscale crystals forming mineralized collagen fibrils, which align preferentially into a 
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single lamella. These lamellae arrange in layers at the microscale to form trabeculae in cancellous 

bone and osteons embedded in interstitial bone in cortical bone. Osteons are hollow cylinders made 

of concentric helically-wound lamellae. At mesoscale, a network of struts forms trabecular bone 

and osteons embedded in interstitial bone form cortical bone [114]. Osteons align in long bone’s 

axis to carry loads and absorb impacts due to running and other dynamic activities. Lamellar 

structures deflect cracks at interfaces. 

Stress-strain curves of cortical bone show a linear portion with non-linear portion following 

after yield stress is reached. Human cortical bone (with 5-30% porosity by volume) is transversely 

isotropic and has a longitudinal elastic modulus of 5-20 GPa in the long bone direction.  Trabecular 

bone (with up to 90% porosity) exhibits a typical porous material response with an initial linear 

portion, followed by a plateau due to compaction of trabeculae, following with an increase after 

compaction [115,116]. Bone has been mostly studied as a linear elastic and elasto-plastic material 

[117,118]. However, it has time-dependent properties, so it is viscoelastic and viscoplastic 

[115,119].  Bone is fluid filled so it can also be considered as a poroelastic material. 

The turtle shell is composed of fused bone covered in keratin scutes [120]. These keratin 

scutes easily delaminate and deflect cracks, toughening the shell before the load reaches the more 

brittle bone [49]. As the most likely region to experience high impacts from predators, the upper 

section of the shell, called the carapace, has been the focus of most structure-property research. 

The box turtle carapace is composed of two firm, exterior, cortex layers with a porosity of ~ 7% 

sandwiching an interior, closed-cell, cancellous layer with a porosity of ~65%. The Young’s 

modulus of these layers is approximately 20 GPa and 1 GPa, respectively. Compression tests 

revealed familiar sandwich structure behavior (Figure 2.7A); a small linear elastic regime as the 

closed cells in the foam layer resist buckling, followed by a plateau where the pores collapse, after 
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which another linear elastic regime is evident as the foam densifies and damage occurs. Samples 

that contained all three layers of the turtle carapace performed better than samples that were 

composed of just a single exterior layer under compression; the latter exhibited near-linear stress-

strain curves. The three-layered samples, pictured on the right side of Figure 2.7A, absorbed more 

energy compared to single-layer exterior plate samples and both absorbed more energy as strain 

rate increased. The specific energy absorbed for each type of sample at different strain rates can 

be seen in the center of Figure 2.7A. Comparison with the entire turtle carapace showed that it 

responds to flexure in a very similar way to the smaller specimens, with the same stress-strain and 

energy absorption trend [46].  
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Figure 2.7 A) (Left) Stress-strain curve of turtle shell samples with various strain rates and 

locations. The upper curve represents samples taken from just the exterior portion of the shell 

that has minimal porosity. The lower curve represents samples that include all three layers of the 

turtle shell’s sandwich structure. (Middle) The three-layer samples have a higher energy 

absorption by volume than the single layer samples. This bar chart also shows how much energy 

was absorbed in each deformation regime. (Right) A cross section of the turtle shell where the 

three layers can be easily observed [46]. B) Interlocking sutures. (i) The interlocking sutures 

found between osteoderms in the turtle carapace allow the shell to flex without fracturing, but 

also provide an energy absorbing mechanism during failure. (ii) When the sutures are pulled 

apart the collagen network holding it together stretched before the fibers fracture. Fractured 

fibers are marked by the white arrows [74]. (iii-viii) Sutures in the red-eared slider turtle have a 

gradient in elastic modulus. (iii,iv) Nanoindentation tests were performed moving from the tip of 

the suture tooth to the bulk of the turtle shell. (vi-viii) Elastic modulus decreases towards the tip 

of the suture teeth in wet and dry conditions[49]. C) Skull section prior to and after of punch test. 

Conical damage zone after impact indicates that the porous structure recruits nearby material to 

resist the load. After image also shows densification mechanism that is common in sandwich 

structures [44]. D.) SEM image of Bouligand structure in Mantis shrimp dactyl claw (left) and 

3D representation of the Bouligand structure (right) [61]. 
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The turtle carapace also has a porosity gradient through the cancellous layer, which is 

hypothesized to prevent stress concentrations at the interface of the porous and non-porous layers. 

The bones, called ribs, are fused together to form the turtle’s shell and are connected by a soft, 

unmineralized collagen; the interface forms a suture structure and is highly flexible as seen in 

Figure 2.7B (i). Under small loads, these interfaces allow the shell to flex and deform but lock 

together and stiffen under higher loads. These sutures are thought to trap and arrest laterally 

propagating cracks. When pulled apart the collagen network connected the interlocking sutures, 

stretched and ruptures absorbing energy in the process. Figure 2.7B (ii) shows the ruptured 

collagen network after tensile tests. White arrows indicate torn collagen fibers [74]. To prevent 

fracture of the suture teeth during impact, another gradient, this time in stiffness, was measured 

between the flexible suture material and the rigid bone in the center of the carapace. Figure 2.7B 

(iii, iv) shows the path of nanoindentation tests that produced the plots shown in Figure 2.7B (vi-

viii). These tests revealed a steady increase in elastic modulus from the tip of the teeth towards the 

bulk of the turtle shell, even under wet conditions [49]. This gradient is also thought to induce 

more intimate entanglement of the sutured interface, creating better interlocking under high loads. 

Finally, the cortex layers have different fibrous structures. The upper cortex layer is close to the 

point of impact on the shell and thus is thought to be optimized to toughen the shell and prevent 

cracking while the lower cortex layer is believed to mainly provide structural support. The upper 

layer is composed of a randomly oriented osteon network embedded in an interwoven fibrillar 

array. This disordered arrangement hinders crack initiation and confines larger cracks from 

spreading through the material. The lower cortex layer has orthogonally aligned fibers which 

provide biaxial support at the base of the shell, but are likely less impact resistant [49].  

The full ramifications of a bony sandwich structure under impact have been further 
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explored in testing on the human skull, which has a thicker, trabecular layer with irregular pores 

sandwiched between high-density cortical bone [42] [121]. Under impact, Wu et al.[121] observed 

that, at low velocities ~3-4 m/s, round impactors simply rebounded off of the skull, failing to 

puncture the firm external cortical bone. As impact speed increased though, the skull absorbs more 

energy, just as the turtle carapace does – this is in part due to the ability of the skull structure to 

widen the impact region. At high velocities, the damage area of the skull bone grows, indicating 

that more material becomes involved in absorbing energy and resisting the impact [121]. Brown 

et al. [44] performed shear punch tests at strain rates of 0.001s-1 and 0.1 s-1 on the human skull to 

better understand its dynamic shear strength and deformation. They found that shear strength of 

the individual layers of the skull had minimal dependence on strain rate, but when tested together, 

the skull had a higher shear strength at higher strain rates. In general, the porous trabecular bone 

determined the shear strength of the specimens. At both strain-rates they observed pore collapse 

and densification in the central region of the skull bones. A conical damage and densification zone 

was also observed beneath the impact surface (Figure 2.7C), indicating that the porous structure 

of the skull spreads the impact over a larger and larger area as the energy moves through the skull 

thickness. This recruits more material to resist the stressed state and prevents damage [44].  

Additionally, the skull has a gradient in its porous arrangement [42]: Brown et al. [44] 

reported a pore volume fraction of the inner and outer layers of the skull to be ~ 10% which 

gradually increases to nearly 50% in the center of the skull bones [44]. Similar to porous gradients 

in fruits and nuts discussed earlier, this gradient decreases stress concentrations and the likelihood 

of delamination between layers of differing properties. 

The woodpecker skull has been widely investigated with respect to impact [122]. 

Dissimilar to mammalian skulls, the sandwich structure is filled with air to reduce its weight for 
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flight. Spongy porous bone coalesces at the countercoup position of the beak and is expected to 

evenly distribute impact stress preventing damage to the brain [123]. There exists a gradient in 

Young’s moduli across the skull from 4.0~11.0 GPa which has been modeled to minimize the peak 

stress during impact [124–126]. There is an additional impedance mismatch in the hyoid apparatus 

(the bone which suspends the tongue and wraps around the back of the skull) in the transverse and 

longitudinal directions. This gradient, along with the geometric tapered effect, and the surrounding 

viscoelastic tissues have been shown to mitigate the stress wave propagation through viscoelastic 

dampening [127,128].   

The woodpecker beak can be imagined as a sandwich structure with three layers: (1) the 

rhamphotheca composed of compliant keratin surrounding, (2) spongy trabecular bone with (3) 

compact bone in the center. At the micro-scale, the keratin cells in the rhamphotheca stack up in 

layers along the impact direction and neighboring cells have an interlocking suture interface that 

are on the order of nanometers. The waviness (the height-to-width ratio) of the suture is ~1. The 

hardness and elastic modulus mismatch between the three layers in the beak help to dissipate 

internal stress. Additionally, the viscoelastic muscles in the neck and legs dampen the impact 

energy.     

The elk antler has a similar structure to that of bone, with vascular channels (~15-25 μm 

diameter) surrounded by concentric bone lamellae, collectively referred to as osteons. Using drop 

tower experiments, Lee et al. [83] determined that elk antler had higher impact strength than nacre. 

Launey et al. [90] claimed that the main energy dissipation mechanisms in the elk antler arise from 

microcracks that form at these lamellar boundaries. These microcracks lead to crack deflection and 

bridging, in a similar fashion to nacre. Unlike nacre, the cracks in the elk antler twist when they 

reach these interfaces, which absorbs more energy [90].  
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2.7.2 Marine organisms 

The conch shell has a similar composition to that of the nacre found in abalone; however, 

it has a hierarchical cross-lamellar structure that makes it an order of magnitude tougher. Similar 

to nacre, the conch shell is made of mineralized calcium carbonate sheets glued together by a 

protein phase, however it has three different hierarchies of lamellar layers which crisscross the 

layers above and below [9]. This leads to a compartmentalization of cracks which are arrested at 

the rotated interface between layers. In quasi-static testing, the shell also dissipates energy by 

forcing cracks to meander (similar to the phenomenon found in nacre) and by allowing 

microcracking to occur in the weaker phase which delocalizes damage [7].  However, unlike nacre 

which performs poorly during impact [83], the conch shell has several strain-rate strengthening 

mechanisms that are not observed during quasi-static tests. At a strain rate of 103 s-1, the conch 

shell has a 67% higher fracture strength than when tested at a strain rate of 10-4 s-1. Under impact 

loading, the third order lamellae (the smallest of the hierarchical lamellae) fracture and splinter 

away from the rest of shell. Under rapid loading, fracture no longer occurs along lamellar interfaces 

but instead cracks through the lamellae creating a powder of fragmented rods on the scale of single 

microns. Within a given third order lamella, impact strain rates were shown to induce rotation in 

nanoparticles which can block dislocation activities and improve fracture strength. Further, trapped 

edge dislocations were observed after impact suggesting strain-rate dependent defense 

mechanisms that are not seen during quasi-static tests [11].  

One of the most remarkable impact resistant biological structures is the dactyl club of the 

mantis shrimp, which strikes its prey at a velocity of up to 23 m/s. Beneath the dactyl club’s highly 

mineralized surface are oriented chitin fibers that form a twisted Bouligand structure. The 

Bouligand structure is composed of superimposed layers of fibers whose orientation is rotated 
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relative to the layers above and below, thereby creating a helical, stacked plywood arrangement. 

These are visualized in Figure 2.7D. Early pioneering work by Bouligand and Giraud-Guille [129] 

described this twisted, layered arrangement in a wide variety of organisms ranging from 

crustaceans to insects to bacteria, but more recent work has probed the mechanical functions of 

these structures. When this underlying phase in the mantis shrimp begins to fracture, cracks travel 

in a helicoidal path between the layers of fibers. Another implication of this structure is that crack 

fronts twist as they propagate creating larger fracture surfaces which absorb more energy than flat 

cracks [60].  
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Chapter 3: Bioinspiration from impact resistant design 

motifs in nature 

It is evident that natural materials profit from the combination of different design elements 

and many levels of hierarchy which are constructed via self-assembly. However, this makes it 

difficult for testing to probe the role of individual structural designs (i.e., sutures, tubules, etc.) 

within a biological material. Many researchers have turned to computer modelling and additive 

manufacturing to recreate and test simple materials with only a single structural feature that is 

observed in impact resistant biological materials, before moving on to more complex models. This 

allows researchers to better understand the role of each design element and the synergistic effects 

that arise when they are combined. This section will cover the specific architectures noted at the 

bottom of Figure 2.2 which are some of the most important design motifs for impact resistance in 

nature. Table 3.1 shows the occurrence of these structures in different natural systems.  
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Table 3.1 Occurrence of different design motifs in impact resistant systems in nature. 

Biological 

System 

Sand

wich 

Tubul

ar 

Layer

ed 

Suture Gradi

ent 

Hierarc

hical 

Compo

site 

Interfaci

al 

Porous Viscoela

stic/ 

Viscopla

stic 

Pomelo + – + – + + + + + + 

Coconut + – + – + + + + + + 

Wood + + + – + + + + + + 

Hooves + + + + + + + + + + 

Horns + + + – + + + + + + 

Pangolin 

Scales 

– – + + – + + + + + 

Tendon – – + – – + + + + + 

Ligament – – + – – + + + + + 

Cartilage – – + – + + + + + + 

Bone + + + – + + + + + + 

Turtle 

Carapace 

+ – + + + + + + + + 

Human Skull + – – + + + + + + + 

Woodpecker 

Skull 

+ – –  + + + + + + 

Woodpecker 

Beak 

+ – + + + + + + + + 

Elk Antler – + – – + + + + + + 

Conch –  – + – – + + + + + 

Mantis 

Shrimp 

– – + + + + + + + + 

 

3.1 Sandwich Structures 

The sandwich structure is a common lightweight, impact resistant design for both high and 

low strain rates across many biological systems: avian beaks, bones, skulls, turtle shells, horns, 

pomelo peel, nuts, and wood. Two strong, stiff outer layers (faces) are separated by a softer, 

compliant layer (core). This arrangement accomplishes multiple goals; the hard-exterior face 

prevents puncture and resists repeated low strain rate impacts while the core dissipates energy and 

prevents cracks from bridging the two outer layers. The ultimate goal is to prevent catastrophic 

failure under impact. The low-velocity energy absorption mechanisms occur in the faces and the 
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core synergistically as follows: (1) cracking, wrinkling, fracture, and delamination in the top face, 

(2) core buckling, (3) debonding from the faces and the core, (4) core densification and 

compaction, (5) shearing and cracking of the core, (6) fiber pullout in the faces, and (7) damage 

initiation in the bottom face [130–134]. These energy absorbing mechanisms are strongly 

dependent on the material properties of the faces and core (e.g., stiffness of the faces, density and 

degree of cross-linking in the core) and geometry (e.g., aspect ratio, face thickness to core 

thickness ratio, cell structuring in the core). Overall, the sandwich structure increases the amount 

of strain energy a material can absorb while spreading the force of the impact over a large area and 

arresting cracks at pore and layer interfaces.  

3.1.1 Introducing wavy cell structure increases energy absorption  

Inspired by the wavy interface found in woodpecker beaks, Ha et al. [135] used finite 

element modeling to probe the effects of a wavy honeycomb wall (BHSP) compared to a 

conventional flat wall (CHSP) on energy absorption during impact with a velocity of 10 m/s 

(Figure 3.1). Both BHSP and CHSP had the same core volume, wall length (9 mm), and wall 

height (15 mm), with varying thickness. The bioinspired wavy honeycomb wall had a wave 

amplitude (A) of 1 mm, wave number (n) of 2, and wavelength of 4.5 mm, and a thickness (t) of 

0.1 mm. For the conventional honeycomb wall case-one (CHSP-1) the wall thickness was 0.1 mm 

and case-two (CHSP-2) the wall thickness was 0.132 mm.  

The wavy bioinspired sandwich is able to withstand greater peak forces before deformation 

than the conventional (CHSP-1) with same wall thickness (Figure 3.1(A-D)). However, a similar 

peak force was obtained for CHSP-2 having a thicker wall. The specific energy absorption (energy 

absorption per unit mass) is used to describe the structures’ ability to dissipate energy upon impact 

through plastic deformation. The wavy honeycomb wall showed an increase in specific energy 



 

49 
 

absorption by 125% when compared to CHSP-1 and an increase in 63.7% when compared to 

CHSP-2 (Figure 3.1C). This is primarily due to competing deformation mechanisms. The 

conventional honeycomb is limited to cell-wall buckling, while the bioinspired-wavy honeycomb 

not only buckles, but bends and shears at the peaks and troughs of the wave allowing for an 

increase in plastic deformation without catastrophic failure. Additionally, the specific energy 

absorption can be tailored by adjusting the wave number and amplitude.  
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Figure 3.1 Impact modeling of bioinspired sandwich and tubule structures. A-D) Impact 

modeling of a wavy bioinspired honeycomb cell compared to a conventional honeycomb cell. A) 

Schematic of the conventional honeycomb cell with flat walls (CHSP-1). B) Schematic of the 

bioinspired cell with wavy walls (BHSP). C) The three investigated designs (CHSP-1, CHSP-2, 

and BHSP) and deformation at various strains. D) The deformation of the cell walls of the three 

designs zoomed in at a strain of 16% [135]. E-J) Impact testing of bioinspired tubules structures. 

E) Schematic of the cuticle layer with tubules (holes) supported by larger tubules (hollow 

columns). F) Deformation of the cuticle layer without tubules (holes). G) Deformation of the 

cuticle layer with tubules (holes). H-J) Deformation of the tubule structure with increasing inner 

diameter [50]. K-O) Impact results of the tubular structure with increasing hierarchical order. K) 

Impact response and von Mises stress of the three orders of hierarchy. L) Impact response and 

von Mises strain of the three orders of hierarchy. M) Deformation map of the first order single 

tubule. N) Deformation map of the second order which is a tubule with seven tubules within. O) 

Deformation map of the third-order structure [136]. 
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3.1.2 Fluid-filled honeycomb increases energy absorption  

Hydration is a hallmark of biological materials and the presence of fluid has important 

mechanical implications for impact response. Inspired by the fluid-filled cells found in fruit peels 

such as the banana, Clark et al.[137] investigated the role of non-Newtonian fluid added to 

honeycomb structures and their ability to absorb impact energy. An impacting ram with an average 

kinetic energy of 0.9644 J was used for testing. With use of a high-speed camera the deceleration 

of the empty honeycomb and six layers filled with the shear-thickening fluid was 277.8 m/s2 and 

634.9 m/s2, respectively. This corresponds to an increase in 52.38% energy absorption upon impact 

for the fluid-filled honeycomb structure with respect to the sample without fluid. The shear-

thickening fluid stiffens upon impact and acts to redistribute the stress reducing global damage. 

Investigating shear-thickening fluid in sandwich structure cores for impact response has recently 

been popularized and the general consensus is their ability to absorb impact energy and suppress 

damage enhances impact response for sandwich structures [138–140].  

 3.2 Tubular Structures 

 The tubule architecture is defined by having hollow or fluid-filled channels organized 

along a similar direction. Many remarkable energy absorbent materials found in nature including 

bones, teeth, exoskeletons, horns, and hooves are known to harness this design strategy. Radius, 

volume fraction, wall thickness, orientation, material composition, and degree of reinforcement 

are important factors that influence mechanical response. Typical energy absorbing mechanisms 

for the tubule structure are buckling, bending, collapse, delaminating, vibration, and inhibiting 

crack propagation. Ultimately, tubules enhance impact resistance by increasing energy absorption 

via these plastic deformation mechanisms and by deflecting cracks.  
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  3.2.1 Tubule thickness and deformation mechanisms   

Inspired by the cuticle of the elytra beetle, Hao and Du [50] investigated the role of tubules 

within the thickness of the cuticle (pores) and larger hollow tubules that support the cuticle and 

their relative deformation mechanisms under impact with use of numerical modeling. This can be 

viewed as two orders of the tubule structure where the diameter of the tubule in the cuticle is much 

smaller than the supporting tubule beneath (Figure 3.1(E-J)). Hao and Du performed impact tests 

on structures with and without tubules in the cuticle layer. The presence of tubules in cuticle helps 

to absorb energy upon impact. This is explained by its ability to resist catastrophic deformation. 

In the case without cuticle pores, the support tubule buckles and collapses. However, with the 

tubule in the cuticle layer, the support tubule only slightly buckles as impact energy is used to split 

the cuticle pore and expand the upper diameter of the support tubule (Figure 3.1(F,G)).   

Additionally, Hao and Du [50] investigated the influence of the inner diameter in the 

support tubules on impact deformation, while the wall thickness remains constant (Figure 3.1(H-

J)). For all cases the cuticle pore remains the same size and deforms by delaminating and 

expanding at the base. For small diameters, the support tubule buckles in an “s” shape. The 

medium-diameter has an expansion with only slight buckling while the largest diameter buckles 

the least and has the greatest expansion. This behavior can be explained by changes in the moment 

of inertia and resistance to bending. Increasing the diameter and keeping the wall thickness 

constant allows for an increase in strain. This suggests that larger diameters may absorb more 

impact energy through conversion to strain energy.  

3.2.2 Increasing tubule hierarchy increases energy absorption 

Inspired by the hierarchical organization of tendons, Tsang and Raza [136] simplified fiber 

bundles as hollow tubular sections to investigate the role of hierarchy on impact absorption using 
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numerical modeling. The collision was modeled with an impact mass of 200 kg and a velocity of 

20 m/s. Three orders of hierarchy were investigated where the first order is a simple hollow tube 

with each sequential order fitting seven hollow tubes within one larger tube (Figure 3.1(K-O)). 

Under impact loading, peak von Mises stress, strain, vertical displacement, contact force, and total 

energy all decrease with increasing hierarchy (Figure 3.1(K,L)). The peak von Mises stress occurs 

just below the point of contact and reduces from 485 MPa to 337 MPa to 198 MPa from first- 

second- and third-order hierarchy, respectively (Figure 3.1(M-O)). There is reduction in total 

energy of 73% and 89% for the second- and third- order, respectively, when compared to the first-

order hierarchy. With each increasing hierarchy there is greater surface area to better distribute the 

load allowing for delocalization of stress and strain.  

 3.3 Layered Structures 

Layered composite arrangements are a hallmark of biological materials. These are abutted 

layers of material that have different properties, often with the goal of creating a weak sacrificial 

interface between them. This sacrificial layer frequently serves to deflect cracks that propagate 

during impact, forcing them to take tortuous, energy-absorbent paths. This structure is found in a 

wide range of organisms and can be both made of both mineralized and unmineralized tissues. In 

a review of impact resistant mammalian structures for bioinspiration, McKittrick et al. [141] 

determined that the microdeformation mechanics of lamellar structures such as microbuckling and 

delamination made them the best energy absorbent designs. The combination of beneficial fracture 

dynamics and energy absorbent deformation modes have made natural lamellar materials an 

exciting topic of research in the past half century. Layered structures come in a variety of different 

arrangements which create tortuous fracture paths and crack arresting interfaces, while also 

dissipating energy through delamination and buckling.  
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 3.3.1 Effect of Additional Levels of Hierarchy and Interface Angle 

Gu et al. [142] 3D printed cross-lamellar structures inspired by the conch shell. They made 

two different models, one with a single level of hierarchy consisting of three stacked layers 

orthogonal to each other and one with an added level of hierarchy and a crossed lamellar structure 

with layers at a 45° angle to each other. These are shown in Figure 3.2A (top). The same crack 

deflection patterns as noted in quasi-static testing of the conch shell were seen in the impact testing 

of these biomimetic samples with crack deflection at the interfaces and delocalized damage as 

various sections of architecture worked in concert to resist catastrophic failure. Figure 3.2A 

(bottom) shows the effectiveness of the conch design, with minimal impactor penetration and 

hardly any visible damage. Gu et al. [142] also used finite element analysis to recreate impact 

conditions on both models. The crossed-lamellar arrangement proved to be 70% more impact 

resistant than the simple orthogonal geometry and 85% better than a bulk slab of the stiff phase 

with the same dimensions. In numerical simulations, distributed microcracking in the soft phase, 

which has been observed during quasi-static tests on the conch shell, was observed in the complex 

model, while localized damage created holes and caused catastrophic failure in the model with a 

single hierarchy. Gu et al. [142] calculated that cracks will deflect along the soft phase, when the 

interface angle is below a critical angle of 50°. This makes the 45° angle found in the conch shell 

optimal for deflecting cracks and preventing failure at high strain rates.   

3.3.2 Effect of Layered Arrangement  

Jia et al. [143] performed split Hopkinson bar testing on a range of 3D printed biological 

structures that mimic renowned impact resistant biological materials. These included layered, 

hexagonal concentric, brick and mortar, cross-lamellar, and rotated plywood structures 

representing the microstructure of the sea sponge, bone, nacre, conch shell, and mantis shrimp, 
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respectively. These microstructures are visualized in Figure 3.2B, along with comparative results 

for each. The layered structure had the best energy dissipation and critical energy (energy required 

to induce failure), but had a lower stiffness and response time (time needed for the impactor to 

complete rebound at velocities below the critical velocity). Digital image correlation was used to 

observe that much of this energy dissipation was the result of shear deformation between the layers. 

The rotated plywood structure and cross-lamellar were stiffer and more responsive than the layer 

section alone. However, while the cross-lamellar structure fractured at a critical energy 50% higher 

than the hard phase alone, the rotated plywood structure did not perform better than the hard phase. 

Jia et al. [143] suggested that the rotated plywood structure is effective as a crack arrester but 

allows easy crack initiation. This makes it effective in conjunction with other design elements that 

prevent cracks from initiating, where it can be used as a safeguard to prevent catastrophic failure 

once cracking has begun. The final two designs, brick and mortar and hexagonal concentric 

showed significant improvements in toughness, flexibility, and energy dissipation compared to the 

hard phase and stiffness, toughness, strength, and response time compared to the soft phase. 

Observations of these structures showed highly localized strain and microcracking throughout the 

material. The localized strain leads to magnified energy dissipation in the soft phase and higher 

stress which boosts strength and response time. The microcracking spreads damage over a larger 

volume, improving the overall toughness [35,143].  

Ghazlan et al. [144],  mimicked the polygonal bricks and mortar structure of nacre to 

investigate the performance of a bio-inspired composite panel under blast loading. Compared to a 

monolithic panel of equal mass, the nacre-like panel dissipated a significant amount of energy 

which was attributed to crack deflection and bridging by the mortar-like bonds. In the same way, 

Flores-Johnson et al. [145] mimicked the staggered structure of nacre to simulate the behavior of 
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a bio-inspired composite panel under impact loading, which showed a notable reduction in the 

residual velocity of the impacting projectile compared to an equivalent monolithic panel. Tran et 

al. [146] also developed a nacre-inspired composite panel by mimicking the interfacial waviness 

between adjacent bricks in nacre. They observed well-distributed damage at the interface of the 

composite by underwater blast loading, which results in prominent energy dissipation. Ghazlan et 

al. [147] developed an analytical model to capture the influence of nacre’s interfacial geometry on 

its energy absorption capacity. They employed a typical lap joint modeling approach used in 

structural engineering, which assumes that tension through the bricklike tablets is transferred via 

shear through the interface. The results indicated that the waviness of the nacreous tablets amplifies 

the energy absorbed by the composite whilst improving the distribution of shear forces along the 

interface. Miranda et al. [148] used Finite Element Modeling (FEM) to test a variety of differently-

shaped armors composed of non-overlapping alumina epoxy tiles under ballistic impact. They 

found that hexagonally shaped tiles performed better than diamond, square, and circular tiles, 

providing the most uniform levels of protection, best reduction in projectile speed, and one of the 

smallest areas of damage. These results are unsurprising since many natural armors, like that of 

the armadillo and boxfish, have evolved arrangements based on hexagonal scales.  
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Figure 3.2 Bioinspired layered structures. A.) (Top) Visualization of 3D printed samples inspired 

by cross-lamellar structure of conch shell with a layer-by-layer construction of the repeating unit 

cell that forms the final structure. (Bottom) The single level of hierarchy and the conch-inspired 

designs after impact from a top and side view. Minimal damage is seen in the conch-inspired 

design with two levels of hierarchy [142]. B.) Comparison of properties of five different 3D 

printed lamellar arrangements [35]. C.) (i) Impact damage in fiber reinforced composite samples 

with different layup arrangements. From top to bottom the samples are unidirectional, quasi-

isotropic, small-angle helicoidal, medium-angle helicoidal, and large-angle helicoidal. (ii) 

Comparison of dent depth from drop tower indenter across the bottom four samples in (i). The 

isotropic sample was completely fractured. (iii) Image from ultrasonic C-scan indicating the 

extent of internal damage in the quasi-static (top left), small-angle (top right), medium-angle 

(bottom left), and high-angle (bottom right) samples [61]. 

 3.3.3 Layered Composites with Helicoidal Fiber Arrangement  

Apichattrabrut et al. [149] tested helicoidally arranged carbon-fiber composites and found 

that they performed significantly better than unidirectional and ± 45° fiber reinforced composites 
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in both quasi-static tension and bending tests as well as impact tests. In quasi-static tests, crack 

propagation in the engineered twisted composite proved to be similar to those observed in similar 

biological materials, where cracks propagate in a helicoidal pattern that mimicked the pattern of 

the fibers. Impact testing was performed using a vaguely bullet-shaped polycarbonate rod 

propelled at the samples at 55 m/s. Each layer of the ± 45° composite delaminated under impact 

and cross cracking was observed between fibers while the projectile remained embedded in the 

sample once it came to a stop. In the helicoidal composite, the projectile did not penetrate the 

sample. Localized damage was observed on the surface and only a single layer of delamination 

was apparent within the composite [149]. More in-depth testing on helicoidal composites inspired 

by the mantis shrimp dactyl club affirmed the beneficial impact resistance of the Bouligand 

structure. Figure 3.2C (i) shows images of five composite samples with different ply orientations 

after drop tower impact testing. The top sample is a unidirectional composite with all fibers aligned 

in the same direction and the second is a quasi-isotropic sample with fibers oriented at 0°, ± 45°, 

and 90° to each other. The bottom three samples have helicoidally arranged fibers with angles 

between adjacent layers of 7.8°,16.3°, and 25.7°. The unidirectional samples failed completely 

after impact testing. The helicoidal samples had a smaller dent depth (ii) after impact, which was 

attributed to an in-plane spread of damage. This is affirmed in Figure 3.2C (iii), which shows 

ultrasonic C-scans of the damaged composites and indicates a larger damage area in the helicoidal 

samples relative to the quasi-isotropic samples [61]. These results have been confirmed by other 

researchers and some have also noted that helicoidal composites have a higher extent of 

delamination during impact [64]. Further experiments involving 3D printed composites, 

composites fabricated from prepregs, and simulations under quasi-static bending showed that the 

crack twisting mechanism of Bouligand structures can delay catastrophic failure despite competing 
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failure mechanisms, such as delamination and crack branching [63]. 

Helicoidal nanofiber arrangements have also been tested in nanofiber film applications. 

Chen et al. [150] performed falling ball experiments on epoxy films without nanofibers, with 

orthogonally oriented nanofibers, and with electrospun nanofibers oriented in a helicoidal 

arrangement. The drop height necessary to fracture the helicoidally arranged fibers was four times 

that of the neat epoxy film and twice the height of the orthogonal nanofiber samples. As with larger 

samples, a zigzag fracture pattern was observed in the helicoidal samples indicating the crack was 

forced to follow a tortuous path. When the film was coated on a glass slide, it outperformed 

toughened glass films and resin films under impact. 

3.4 Gradient Structures 

 Often interfaces in materials are weak points that concentrate stress and lead to failure. To 

effectively transfer energy to a new phase of material with different mechanical properties, 

biological materials will often gradually change the properties of the material, rather than produce 

a discrete boundary [151]. This gradual change in mechanical properties is frequently referred to 

as a gradient structure and falls into the classification of Functionally Graded Materials (materials 

that change in composition, constitution, or structure continuously through its thickness). These 

materials have garnered significant interest for armors meant to resist impacts in the ballistic 

regime. Multilayer ceramic armors are commonly used for bullet proofing in military applications. 

These materials often delaminate as the tensile wave caused by a bullet reaches the interlayer 

where there is a mismatch in mechanical properties. Functionally graded ceramic armor reduces 

this mismatch and creates an optimal impact resistant material [152]. Long before the first ceramic 

bulletproof vests were being prototyped for the Vietnam War, nature was optimizing structural 

gradients in a host of biological materials. While interfaces can arrest cracks, they can also act as 



 

61 
 

initiators where internal stresses are focused. Gradients in material properties eliminate these local 

concentrations and can also lead to crack tip blunting and deflection.   

3.4.1 Compositional Gradients 

Graupner et al. [153] created composite samples that mimicked the compositional gradient 

of the coconut pericarp. They produced samples out of cellulose fiber reinforced polylactide acid 

(PLA), using fibers of different strengths, stiffness, and elongation at failure embedded in a PLA 

matrix to recreate the steady change in mechanical properties found in the coconut. Samples with 

three and five layers were tested alongside reference samples to understand the effect a gradient in 

mechanical properties would have on the material’s impact resistance. They found a threefold 

improvement in impact strength between the gradient structure and neat composites with the same 

fiber fraction, indicating that the gradient does in fact boost impact strength. Further, impact testing 

revealed that the five-layer composites performed significantly better than the three-layer 

composites, which suggests that a more gradual gradient results in better impact resistance. 

Graupner et al. [153] suggested that this was due to the smaller difference in properties at the 

interface, which decreases stress concentrations and increases the load transfer capabilities of the 

material.  

Gradient structures improving impact resistant properties may seem to be antithetical to 

the improved impact resistance found in lamellar structures, which capitalize on sudden changes 

in material properties and significant soft-hard interfaces. However, Mirzaali et al. [154] studied 

the impact resistance of 3D printed materials with continuous gradients in hardness compared to 

materials whose hardness was a stepwise function and found that each were effective in different 

ways. Continuous gradients showed a higher fracture energy for cracks along the gradient 

direction, while stepwise functions showed better crack resistance as the hard-soft interfaces arrest 



 

62 
 

crack development. Intriguingly, Mirzaali et al. [154] also found that as the transition zone between 

the soft and hard regions varied from 100% to 5% of the sample length nearly all fracture properties 

of the material increased.   

3.4.2 Porous Gradients 

Bamboo and palm trunks have attracted significant attention in recent years due to their 

impressive energy absorption mechanisms and low density [155].  Zou et al. [156] confirmed that 

the gradient in vascular pores improves the impact resistance with drop tower tests before creating 

a bionic model that replicated the porous gradient through bamboo’s cross section. This model was 

numerically tested and showed improved lateral impact and bending strength over models that did 

not contain the functional porous gradient. Chen et al. [157] 3D printed samples with a gradient in 

vascular pores and performed drop tower testing on the them. They discovered that the gradient 

increased the amount of energy that could be absorbed by the cylinders but that they also increased 

the peak force experienced by the structure. This occurs because the cross-sectional pores collapse 

and interfere with each other which allows the structure to absorb more energy, but can also 

prevent further deformation that is seen when there are the same number of pores throughout the 

material. It has also been determined that pore shape, pore size, wall thickness, rib thickness, rib 

angle, and a number of other parameters are intertwined with the porous gradient in making 

bamboo impact resistant [156–160].  

3.5 Suture Structures 

Suture interfaces are defined as a compliant interlocking junction that connects adjacent 

components allowing for regional control over strength, stiffness, and energy absorption. They are 

found across a diverse range of biological materials including those that are known to withstand 

large impact forces: human skull [161,162], woodpecker beak [163], turtle shells [74,164], boxfish 
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plates [165], pangolin scales [29], and horse hooves to name a few. The suture structure is 

incorporated in both mineralized (e.g., skull) and non-mineralized materials (e.g., hoof). Typically, 

there also exists a viscoelastic material within the gap of the suture interface, often collagen, that 

holds the plates together. Thus, there exists a dependence on performance with material properties 

such as elastic modulus. Additionally, there is a wide range of geometrical features that span across 

biological materials including degree of interdigitation, shape (triangular, trapezoidal, sinusoidal, 

etc.), and hierarchical ordering. Therefore, both the material properties and geometry of the suture 

structure are important in determining its ability to dissipate energy during impact. Suture 

structures improve impact resistance by creating a flexible joint that can dissipate energy under 

impact without failing, while also limiting the total deformation of the junction when the 

interlocking mechanism catches. 

The response of suture structures to impact is widely studied with respect to human skulls 

due to the implications of traumatic brain injuries. This is primarily accomplished through 

parametric studies on material property and geometry with the use of finite element analysis and/or 

mechanical testing of 3D-printed prototypes. The suture structure is often simplified and reduced 

in complexity to isolate the design features of interest (e.g., interlocking angle, waviness, 

hierarchical order).  

3.5.1 Increasing Suture Hierarchical Order Effectively Attenuates Stress   

For example, Zhang and Yang [41] used a sinusoidal model with two orders of hierarchy 

in a two-dimensional finite element model to describe how suture morphology influences stress 

attenuation and energy absorption under dynamic loading conditions. The first order of hierarchy 

is a simple sinusoidal function (model B) and the second order of hierarchy contains the pure 

sinusoidal function with an additional sinusoidal wave on a smaller length scale (model C) (Figure 
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3.3A). Analysis was also performed on a flat interface as a control labeled as model A (Figure 

3.3A). Each interface joined two neighboring bone pieces labeled L-bone and R-bone (left and 

right respectively). An impulsive load q (50 kPa) was applied on the outer surface of L-bone for 

0.04 µs which represents physiological dynamic loading conditions.  

The sectional stress was measured at R-R’ (labeled in Figure 3.3A) and plotted in Figure 

3.3B to highlight the influence of suture morphology and hierarchical order. The flat interface has 

the largest average von Mises stress while the second order hierarchical suture has a significant 

reduction in stress (Figure 3.3B). This suggests that the higher ordered suture structure acts as a 

transmission barrier to better attenuate the impact stress. This agrees with stress wave theory as 

increasing the hierarchy effectively increases the contact area with the transmitted stress wave. 

The suture morphology is also important in efficiently distributing the stress uniformly across the 

entirety of the bone (Figure 3.3C). This is caused by scattering at the interface. The higher order 

hierarchy also correlated to an increase in the strain energy ratio implying its ability to store energy 

during impact. Additionally, this study evaluated the effect of elastic modulus on strain energy and 

demonstrated that as elastic modulus of the suture increases the strain energy decreases. This 

indicates that stiffness can be tailored to optimize strain energy storage. This study purposefully 

omitted the viscoelastic response that is typically associated with the suture interface to isolate the 

dependence on morphology.  
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Figure 3.3 Bioinspired suture designs. A-C) Hierarchical suture morphology and stress 

attenuation. A) Describes the three different suture morphologies and loading conditions. Model 

A is the flat interface. Model B is the simple sinusoidal suture. Model C in the second-order 

hierarchy sinusoidal suture. B) Average Mises stress at position R-R’ for the three different 

morphologies. C) Illustrates the time dependence and stress distribution among the different 

morphologies [41]. D-G) Stress distribution mechanism in sutured interfaces. D) Schematic of 

the suture and flat interface and their corresponding loading conditions. E) Stress with respect to 

time for suture and flat interface. F) Respective orientation of incident and reflected stress waves. 

G) Strain energy as a function of time in the gap of the sutured and flat bar [166]. 
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3.5.1 Mechanism for Stress Distribution in Suture Interfaces 

While Zhang and Yang [41] formally described the ability of sutured interfaces to attenuate 

stress, there was a lack of understanding of the exact mechanisms at hand. Lee et. al [166] used a 

similar two-dimensional finite element analysis under dynamic loading conditions to compare how 

stress waves were mitigated between a sinusoidal suture interface and a flat interface. In contrast 

to Zhang and Yang [41], Lee et. al [166] applied a loading direction perpendicular to the interface 

(Figure 3.3D).  They examined the damping capabilities and showed that the flat interface was 

able to reduce the initial pressure wave by 53% while the sutured interface had a reduction of 90%. 

The dominating mechanism at hand is the conversion of compressive waves (S11) to shear waves 

(S12) and orthogonal flexure waves (S22) due to scattering at the interface as shown in Figure 

3.3E. Another attenuation mechanism was described by the viscoelastic response within the gap 

of the suture that allowed for strain energy storage (Figure 3.3G).   

 3.5.2 Geometric Influence on Stress Wave Mitigation 

 Lee et al. [166] performed a parametric study across a range of geometrical constraints 

including waviness, ratio of the suture height to the thickness of the bar, gap thickness, and type 

of boundary. The one geometric design that was shown to have the most effect on damping was 

the ratio of the suture height to the bar thickness. The pressure loss was the greatest in the sample 

that had the largest height of the suture when bar thickness was conserved. Interestingly, they did 

not see a huge influence with respect to waviness (wave height divided by wave period). They 

analyzed damping due to waviness from 0.25 to 1.5 while a higher range is seen in nature, 1 

(woodpecker) and 2.4 (bison) [166].  



 

68 
 

  3.5.3 Effect of Loading Direction  

 While the two aforementioned studies [41,166] prove that suture interfaces are more 

superior than flat interfaces in damping and attenuating stress despite loading direction (parallel 

vs perpendicular), it is necessary to compare how loading direction influences the impact response. 

The contribution of Maloul et al. [167] demonstrates the distinction between loading direction 

(parallel vs perpendicular) and strain energy. Loading parallel to the suture interface resulted in 

the highest strain energy output. This suggests that the parallel direction is more efficient in 

absorbing energy. For both loading directions, the highest stresses are observed at the peaks of the 

sutures. While the loading conditions in nature are much more complex and difficult to predict, 

this study provides the basis for tailorable design for specific applications under dynamic 

conditions.  

Overall, there are limited studies that have investigated the geometrical and material 

property relationship found in sutures under dynamic loading conditions, and the studies that do 

exist rely heavily on FEA. These few studies have shown the important role that sutures play in 

distributing stress and dissipating energy under high strain rates. There is clear evidence that suture 

geometry, elastic modulus, viscoelastic properties, and loading direction work synergistically to 

enhance performance under dynamic conditions.   

3.6 Time-Dependent Behavior 

Due to their biopolymeric constituents (collagen, keratin, cellulose, hemi-cellulose, lignin, 

and chitin) biological materials demonstrate time-dependent behavior with respect to elastic 

modulus, strength, and post-yield behavior. Depending on the polymer, increasing strain-rate can 

influence changes in mechanical behavior. For keratin, with increasing strain rate the mechanical 

behavior transitions from elastic to ductile-plastic to brittle fracture [168]. This is attributed to the 
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time scales that are required to rearrange, slide, and stretch fibers through the breaking of 

intermolecular forces and chemical bonds [103,169]. Generally, biopolymers become stiffer and 

stronger and show decreasing breaking strain as strain rate increases (Figure 3.4 (A,B)). Figure 3.4 

(A,B) demonstrates key strain rate sensitive biopolymers collagen/hydroxyapatite (cortical bone 

and elk antler)[77,170], keratin (bighorn sheep horn and horse hoof)[76,78], and cellulose/hemi-

cellulose/lignin (spruce wood)[171] and their sensitivities to elastic modulus and ultimate 

compressive strength. This rate-dependent behavior has important implications for impact resistant 

biological materials which suggests that under dynamic conditions these materials can withstand 

greater stresses and have different failure mechanisms when compared to quasi-static conditions. 

Additionally, temperature, hydration, and loading orientation are shown to influence the degree of 

strain rate sensitivity. Temperature can change the activation barrier for structural transformations 

(e.g., sliding and rotating) of polymeric units to occur. Hydration or the increase in water content 

leads to an increase in viscosity of the material and its ability to dampen the travelling stress waves 

[76]. For the bighorn sheep horn, it was shown that at lower strain rates (10-3 – 10-1 s-1) there is a 

significant difference in the compressive stiffness with respect to loading direction (longitudinal 

and transverse were greater than the radial direction), while there was no significant difference 

between all three directions at higher strain rates (4x103 s-1)[76].    

Inherent material properties are important determiners in providing energy absorption 

mechanisms that allow for impact resistance with a primary dependence on viscoelasticity and 

viscoplasticity. Viscoelastic materials are characterized as having both an elastic and viscous 

response. A purely elastic material stores mechanical energy during deformation and upon 

unloading the stored energy is released allowing the material to return to its original shape. 

Viscosity describes a materials resistance to flow and upon loading energy is dissipated as heat. 



 

70 
 

Viscoelastic stress-strain behavior is time-dependent. Viscoelastic materials work to isolate impact 

by attenuating shock and damping vibration. During impact, energy can be stored and dissipated 

as viscoelastic deformation. Viscoelasticity is described by the loss modulus (stored elasticity), 

storage modulus (energy dissipated as heat), and tan(δ) (the ratio between storage modulus and 

loss modulus which represents damping). For structural materials, it is advantageous to have high 

stiffness for rigidity with high mechanical damping (tan(δ)) [172]. Figure 3.4C shows the 

relationship between stiffness and damping of conventional materials and highlights the excellent 

performance of biological materials. Viscoplastic materials are time dependent and deform 

permanently. Such permanent changes may be due to sliding of interfaces, microcracking, and 

delamination, leading to energy dissipation.  

Many impact resistant biological materials utilize viscoelasticity as a way to effectively 

store and dissipate energy under dynamic conditions. The viscoelastic response of the muscle and 

tissues surrounding the hyoid apparatus found in the skull of the woodpecker is known to reduce 

stress waves during free vibration induced by pecking [173]. Articular cartilage, when subjected 

to high-speed loading, behaves as a viscoelastic material which provides a mechanism for energy 

dissipation that limits potential damage to the matrix or surrounding tissues [174]. While all 

biological materials have some degree of viscoelasticity, there are competing energy absorption 

mechanisms at high strain rates that often dominate over viscoelastic deformation. For example, 

while wood has a strong viscoelastic response under quasi-static conditions, the structuring of 

layers and voids ultimately determines its energy absorption mechanisms under impact [12].  

 Fruits such as pomelos [175] and apples [52] absorb dynamic waves when dropping from 

tress and the capacity to dissipate energy is shown to depend on the viscoelastic properties of the 

protective layers. Ahmadi et al. [52] performed finite element analysis to study the dynamic 
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behavior of an apple and its corresponding layers (skin, cortex, and core) under impact loading 

(Figure 3.4(D-F)). The skin was modeled as an elastic material (E: 12 MPa, ν: 0.35), while the 

cortex (E: 5 MPa, ν: 0.35, G0:0.15, β: 1/800) and core (E: 7 MPa, ν: 0.35, G0:0.15, β: 1/800) was 

represented as viscoelastic material. The apple collided with a rigid plate at a velocity of 1 m/s. As 

shown in Figure 3.4E and F, the skin has the largest stress and acceleration under impact, while 

the cortex and core stresses are minimized due to their viscoelastic response. Here, viscoelastic 

deformation and energy dissipation are important in reducing localized damage.   

3.6.1 Relationship between Impact Toughness and Damping Behavior 

 Ranganathan et al. [176] investigated the relationship between impact toughness and 

viscoelasticity of polypropylene (PP)-jute composites with the use of viscose fiber (rayon fiber 

from regenerated cellulose). Charpy impact testing and low-velocity drop-weight impact tests were 

used to determine impact resistance and dynamic mechanical analysis was used to quantify 

viscoelasticity. The addition of viscose (PP-J30-V10) increased the Charpy impact strength from 

3.2 kJ/m2 to 7.5 kJ/m2 and decreased the residual impact velocity from 1.7 m/s to 0.9 m/s (Figure 

3.4(G,H)). Images of the front and back sides of the low-velocity falling-weight impact tests show 

less damage for the composite with added viscose. Dynamic mechanical analysis showed that the 

addition of the viscose fibers decreases the storage and loss modulus softening the material and 

making it more deformable and increases the loss tangent (tan(δ)=loss modulus/storage modulus), 

which describes the dampening behavior. The addition of the viscose fibers improved impact 

performance by effectively dampening energy. While there is much more to take into 

consideration, such as microstructure and interfacial properties, this study sheds light on how 

viscoelastic response can influence impact toughness by improving the materials dampening 

ability. 
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Figure 3.4 Inelastic behavior of biological materials. A)  Strain-rate dependence with respect to 

Young’s Modulus for representative biological systems. Hydroxyapatite/collagenous systems of 

bovine and human cortical bone and elk antler (yellow), keratinous systems of bighorn sheep 

horn and horse hoof (blue), and cellulose/hemi-cellulose/lignin system of spruce wood (green) 

B) Strain-rate dependence with respect to ultimate compressive strength. C) Ashby plot of 

stiffness and damping (tan(δ)) which indicates the enhanced performance of biological materials 

compared to engineering materials. D-F) FEA of apple layers under impact loading (1 m/s).D) 

Organization of the three layers: skin (light blue), cortex (green), and core (yellow). E) 

Acceleration with respect to time of the three layers. F) Stress with respect to time of the three 

layers [52]. G-H) Addition of viscose fibers to PP-jute impact response and viscoelasticity. G) 

(Top) Front side (FS) and back side (BS) of PP-jute after low-velocity falling-weight impact test. 

(Bottom) Front side (FS) and back side (BS) of PP-just added viscose after low-velocity. H) 

(Top) Impact velocity with respect to time. Indicating how the addition of viscose fibers 

decreases residual velocity. (Bottom) Tan delta with respect to temperature. Indicating how the 

addition of viscose fibers increases the damping ability [176]. 

3.6.2 Relationship between Impact Toughness and Damping Behavior 

 Ranganathan et al. [176] investigated the relationship between impact toughness and 

viscoelasticity of polypropylene (PP)-jute composites with the use of viscose fiber (rayon fiber 

from regenerated cellulose). Charpy impact testing and low-velocity falling-weight impact tests 

were used to determine impact resistance and dynamic mechanical analysis was used to quantify 
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viscoelasticity. The addition of viscose (PP-J30-V10) increased the Charpy impact strength from 

3.2 kJ/m2 to 7.5 kJ/m2 and decreased the residual impact velocity from 1.7 m/s to 0.9 m/s (Figure 

3.4 (G,H). Images of the front and back sides of the low-velocity falling-weight impact tests show 

less damage for the composite with added viscose. Dynamic mechanical analysis showed that the 

addition of the viscose fibers decreased the storage and loss modulus softening the material and 

making it more deformable and increased tan(delta) which describes the dampening behavior. The 

addition of the viscose fibers improved impact performance by effectively dampening energy. 

While there is much more to take into consideration, such as microstructure and interfacial 

properties, this study sheds light on how viscoelastic responses can influence impact toughness by 

improving the materials dampening ability. 

3.7 Current Engineered Impact Resistant Materials 

There is an increasing demand for lightweight materials and structures with high energy 

absorption capacity in automotive, naval, aerospace, construction, defense, personal protection, 

sports, and other industries. Engineered materials, such as steels and other alloys (titanium, 

aluminum, magnesium) and composites are being continuously developed, with performance 

tailored to crashworthiness, internal damping, and improved crack resistance. Also, designs often 

combine different classes of materials to achieve superior performance. The Chobham armor is a 

splendid example of a multi-component system designed to resist defeat by shaped charges, high 

explosive anti-tank rounds, and kinetic energy penetrators [177].  The armor is composed of 

ceramic tiles encased within a metal framework and bonded to a backing plate and several elastic 

layers. Thus, it contains ceramic, metal, polymer, and composite elements. Many other current 

technological applications and challenges involve similar structural and material complexity. 
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Body armors have been used for centuries to protect against penetration by weapons and 

disperse impact energy [178]. Standard features of these armors are ballistic fibers which are 

woven in two- or three-dimensional arrays. Fiber architectures, including their density, stiffness, 

and interfaces control the speed of stress waves and their dispersion [179]. Multi-layered systems 

absorb energy through interfaces. Shear thickening fluids have also been used to enhance friction 

and dampen waves [180–182]. High-performance fibers include synthetic choices (e.g., Kevlar) 

or natural fibers (e.g., cotton, wool, sisal, jute, silk). Natural fibers have high energy-absorbing 

capacity. Their other advantages include availability, cost-effectiveness, biodegradability, and 

environmental safety [179]. Highly effective designs in mediating impacts, are composite 

sandwich-like structures, as in the Chobham armor. The designs include a robust outer layer, soft-

fill middle layer, and a plastic backplate. The outer sheet, usually made of ceramic, dissipates 

energy by brittle failure and fragmentation and deflects or damages the impactor. The core consists 

of a laminated composite which delaminates or a foam which deforms inelastically to absorb and 

dissipate energy. Metal (or composite) backing further dissipates energy by deforming plastically 

and contains armor’s and impactor’s fragments. Ceramics outer cores are made of alumina, boron 

carbide, titanium diboride, silicon carbide, and other high hardness materials [183]. Such sandwich 

designs are similar to a turtle shell or skull structure. 

With the goal of reducing greenhouse gases and improving fuel efficiency, many have 

begun to investigate lightweight and sustainable energy absorbing materials. In the automotive 

industry, engineers are replacing steel with aluminum and magnesium alloys, composites, and 

foams [184]. The vital design consideration in designs of automobiles, trains, aircraft, boats, and 

ships is crashworthiness and penetration resistance. The energy of the impact needs to be dissipated 

in a controlled manner before it enters the passenger compartment. Composite materials and 
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plastics with synthetic and natural fibers as reinforcements are increasingly being utilized. Interest 

in natural fiber composites is growing due to environmental considerations and cost. Polymer-

matrix composite materials are of particular interest to aerospace, automotive, naval, defense, and 

wind power industries also due to their high strength/stiffness to weight ratio. Composites are 

reinforced with fibers in various forms, such as short fibers, long fibers, and mats, with filler sizes 

ranging from microns to nanometers.  The properties of composites depend on properties of matrix 

and fillers, filler shape and arrangement, interfacial bonding, and size of fillers. Polymer-matrix 

composites have excellent energy absorption characteristics due to their viscoelastic properties and 

various energy dissipation mechanisms. The damage mechanisms include delamination, matrix 

cracking, and fiber/yarn breakage. Drawbacks are that such internal damage degrades the material 

properties and reduces the load-carrying capacity of the structure [185].  Thus, more damage-

tolerant composite materials are needed for high end and multi-use applications.    

Nanocomposite materials, which are composites with nano-sized fillers, can have superior 

performance to traditional composites with micro-sized fillers [186]. Much larger interface surface 

area of nanocomposites provides enhanced energy-absorbing mechanisms in the form of interfacial 

slipping and debonding.  Also, local properties and interfacial interactions are altered since the 

nanofiller size is of the same order of magnitude as molecular structure of a polymer, leading to 

additional toughening mechanisms [187].  Nanocomposites can reach higher strength and strain to 

failure than composites with micron-sized fillers [188].  Mineralized biological materials such as 

bone and enamel, which are examples on natural nanocomposites, similarly achieve high 

stiffness/strength and toughness. Nanofillers have also been added to composites to enhance 

matrix-fiber bonding and strengthen interfaces between plies in laminated composites, leading to 
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composites with hierarchical structures [189–191]. Hierarchical structures are one of the key 

characteristics of biological materials contributing to their robust properties.  

The construction industry utilizes concrete, which is the most widely used material [192]. 

Concrete structures serve under conditions of frequent or occasional impact loads (winds, waves, 

blasts). Examples include airfield runways subjected to dynamic aircraft landing forces, buildings 

exposed strong winds and earthquakes, offshore structures subjected to waves, protection barriers, 

and dams. Conventional concrete has limited deformation and low energy-absorption capacity, 

which poses a challenge to the safety of these structures under impact loading conditions [193]. 

Thus, high-performance fiber reinforced concrete that can absorb energy has been utilized. 

Ongoing research addresses various energy absorption components to optimize the impact 

resistance of concrete. For example, granulated rubber particles added to concrete improved 

impact resistance of concrete [194].              

Synthetic cellular materials such as honeycomb-like materials made of parallel prismatic 

cells or closed-cell random foams are utilized in automotive and aerospace industries for energy 

absorption due to impact. Polymeric foams, such as Styrofoams, are used for packaging. Foams 

are also used for thermal insulation, structural functions, buoyancy, and other applications such as 

filters, water repellent membranes, antistatic shields, and others. Foaming allows a broader range 

of properties. Foams allow designing lightweight and stiff components such as sandwich panels, 

portable structures, and floating devices. Low thermal conductivity of foams yield cheap thermal 

insulators, low stiffness makes them ideal for cushioning, low strengths, and large compressive 

strains give energy absorption [195,196]. 

 Various cellular materials’ architectures are being explored, ranging from honeycomb to 

truss-like structures, to auxetic structures with unusual properties (e.g., negative Poisson’s ratio), 
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not achievable by traditional materials. Functionally graded materials (FGM), which spatially 

changing composition and structure (e.g., porosity) are being tailored for desired performance 

[197]. Applications include energy-absorbing structures, heat exchangers, optoelectronic devices, 

and medical implants for automotive, aerospace, medical, and other industries. Advancements in 

additive manufacturing provide freedom in their design and facilitate their manufacture. Compared 

with multiphase composites, FGMs have properties changing less abruptly, which helps to 

minimize stress concentrations, hence improving the durability of load-bearing structures. Porosity 

graded lattices have shown excellent energy absorption characteristics, making them candidates 

for various technological applications, particularly for multifunctional structures and devices 

[198–203]. Functionally graded structures are found in many impact-resistant biological materials, 

including bone, articular cartilage, and hoof wall.   

Impact-resistant materials and structures are desired in various technological applications. The 

current state-of-the-art is addressing these pressing technological and societal needs, but it has 

limitations. Bioinspiration offers a multitude of ingenious ideas on designs of new, highly impact-

resistant materials. Nature has masterfully created intricate architectures, but engineers have a 

much more extensive range of starting materials to utilize. Bioinspiration, combined with 

advancements in materials synthesis, manufacturing, and computational modeling (e.g., topology 

optimization), opens numerous exploration opportunities. These attributes make it a fertile area for 

new designs and material discovery. 

3.8 Conclusions 

Through analysis of successful impact-resistant biological systems, clear trends in 

structural arrangement emerge. This study has led to a classification of impact-resistant design 

elements in biological materials into sandwich, layered, sutured, tubular, and gradient structures. 
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This study has also explored ubiquitous traits of biological materials that are vital factors for 

impact resistance including hierarchical, composite, porous, interfacial, and 

viscoelastic/viscoplastic characteristics.  

The most common deformation mechanism among biological materials subjected to low-

velocity impact is delamination at interfaces at different structural scales, where kinetic energy is 

converted to free surface energy. Densification and collapse of tubules or other pores to generate 

strain energy is another predominating mechanism. Table 3.2 summarizes these biological 

systems, their structural elements, impact energies, and deformation mechanisms reviewed here. 

While many biological systems have been studied under the impact, it is not easy to de-couple the 

contributions of their individual structural elements.  
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Table 3.2 Summary of Impact Resistant Biological Systems . Sandwich (Sw), Tubular (T), 

Layered (L), Suture (Su), Gradient (G), Hierarchical (H), Composite (C), Interface (I), Porous 

(P), Viscoelastic/Viscoplastic (V) 
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Biological 

System 

Impact 

Velocity 

(m/s) 

Impact 

Energy 

(J) 

Design Elements Failure Mechanisms Reference 

Pomelo  14 490 Sw, L, G, H, C, 

V, I, P 

Densification of pores, 

viscoelastic dampening, 

strain energy storage  

[53] 

Coconuts 19 250 Sw, L, G, H, C, 

V, I, P 

Fiber stretching, 

densification of pores 

[53,55] 

Wood  40 4,300 Sw, T, L, G, H, 

C, V, I, P 

Delamination, fiber 

bending and pullout, 

helical unwinding  

[12,94] 

Horse 

hooves  

2.2 4,800 Sw, T, L, Su, G, 

H, C, V, I, P 

Delamination, tubule 

buckling and collapse,  

[26,78,100,79–

82,96–99] 

Horn  9 4,600 Sw, T, L, G, H, 

C, V, I, P 

Delamination, tubule 

collapse, densification 

[25,26,76,83,104] 

Elk Antler 11 -- L, H, C, V, I, P Delamination [83] 

Pangolin 

scales 

-- -- L, S, H, C, V, I, P Delamination, fracture, 

brittle failure,  

[29] 

Tendons and 

Ligaments 

-- -- H, C, V, I, P Transmit tensile loads, 

sliding and 

delamination, 

viscoplastic  

[106,109,110] 

Cartilage -- -- L, G, H, C, V, I, 

P 

Fluid pressure 

gradients, 

viscoelastic/viscoplastic 

[106,111,113] 

Bone -- -- Sw, T, L, G, H, 

C, V, I, P 

 [106,114–119]  

Turtle 

carapace 

-- -- Sw, L, Su, G, H, 

C, V, I, P 

Compaction pores,  [46,49,120] 

Human skull -- -- Sw, L, Su, G, H, 

C, V, I, P 

Densification zone, 

pore collapse,  

[42,44,121] 

Woodpecker 

skull 

7 0.6 Sw, H, C, V, I, P Dampening, hyoid 

apparatus stress 

attenuation  

[122–128]   

Woodpecker 

beak 

7 0.6 Sw, Su, L, H, C, 

V , I, P 

Shearing of wavy  

keratin scales, 

densification pores, 

penetration resistance 

[163] 

Nacre -- -- L, H, C, V, I, P Brittle failure [15,83,204,205] 

Conch -- -- L, H, C, V, I, P Splintering, inter/intra-

lamellar fracture 

[11] 

Dactyl club 

of the 

mantis 

shrimp  

23 1.5 L, Su, G, H, C, 

V, I, P 

Crack deflection [60,129] 
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 The grand challenge is to develop, from the analysis of biological structures and by 

classifying the fundamental mechanisms of bioinspired impact-resistant designs through advanced 

manufacturing techniques, appropriate mechanical testing and modeling. The generation of 

tunable designs via geometry and material properties allows for the investigation of how these 

structural elements deform, absorb, and dissipate impact energy. Through the use of modeling, 

many of these elements are shown to avoid catastrophic failure through stress attenuation and 

redistribution. These bioinspired design elements, their energy-absorbing mechanisms, and 

tailorable designs are summarized in Table 3.3.  
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Table 3.3 Summary of impact resistant design elements and material properties 

 

Impact Design 

Element/Material 

Property 

Energy Absorbing 

Mechanisms 

Tailorable Designs Reference 

Hierarchical  Each layer works 

synergistically for 

an enhanced overall 

effect. Any of the 

energy absorbing 

mechanism detailed 

below can be found 

across multiple 

levels.  

Increasing hierarchical 

ordering, incorporation of 

multiple structural elements, 

and length scale  

[6,34,35] 

Sandwich  Fracture and 

wrinkling in the top 

face; core buckling, 

densification, and 

shearing; 

viscoelastic 

dampening, strain 

energy storage 

Face thickness to core 

thickness ratio, geometric cell 

structure of core, addition of 

fluid to the core, gradient in 

density and cell size 

[130–135,137–140] 

Tubular Buckling, collapse, 

delaminating, crack 

deflection 

Size, shape (circular vs 

elliptical), volume fraction, 

addition of reinforcing layer, 

gradients in density and size, 

loading direction 

[50,136] 

Layered  Microbuckling, 

delamination, crack 

deflection, shearing 

between layers, 

microcracking  

Lamellar arrangement 

(layered, hexagonal 

concentric, rotated plywood 

etc.), geometry of the 

interface (wavy)    

[61,64,141,142,144,14

5,147–150] 

Gradient  Fracture energy, 

crack deflection, 

localized pore 

collapse  

Continuous gradient, step-

wise gradient, porosity 

gradient,  

[151–160] 

Suture Attenuate impact 

stress, Reduction of 

pressure waves 

through the 

conversion of 

compression to 

shear,  

Geometry of suture (sin wave, 

triangular, trapezoidal), 

Degree of waviness 

(Amplitude, wavelength, 

frequency), loading direction, 

additional hierarchies  

[41,166,167] 

Viscoelastic and 

Viscoplastic  

Viscoelastic and 

viscoplastic 

deformation, 

vibrational 

dampening 

Ratio between elastic and 

viscous response, degree of 

hydration, temperature  

[12,52,173–176] 
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3.9 Future Directions 

 Development of impact-resistant materials remains an enterprising challenge that is 

strongly dependent on two fronts: (1) understanding structure-composition-property relations 

accompanied by a sufficient database for tailorable design and optimization and (2) use of 

advanced manufacturing techniques to accomplish design requirements.  

Here we suggest details that are important to achieving these two facets.  

• New manufacturing techniques 

o New developments in additive manufacturing accounting for complex bio-inspired 

architectures. The needs include printing of a wider range of materials, including 

multiple materials, achieving sufficient resolution and printing flexibility to 

manufacture hierarchical and composite structures. 

o New hybrid systems, combining more than one manufacturing technique to create 

new complex structures, with added flexibility. 

o Incorporation of biological materials, which achieve such excellent properties, into 

synthetic components to obtain new bioinspired materials. 

o Creation or implementation of new synthesis methods to create new materials. 

•  Establishment of relationships between quasi-static and dynamic testing and 

material and structural responses. While not shown here, there have been extensive 

studies on the quasi-static response of these biological materials with an attempt to explain 

what is happening dynamically. To what extent can quasi-static results be extrapolated to 

the dynamic regime? 

• Advancements in testing and modeling of biological and bioinspired materials under 

dynamic loads. More impact testing and modeling of biological materials and bioinspired 
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designs is needed. Our review shows that there is limited testing of various structural 

elements. For example, there has been very limited studies on the effects of tubules on 

impact resistance, even though they are important structures in horns and hooves, and they 

show impressive impact resistance. Another open topic is the role of interfaces in biological 

and bioinspired composites. 

• Investigation of the effects of multiple structural elements acting in synergy. How does 

the interaction of multiple elements in one bioinspired architecture influence impact? For 

example, what is the effect of combined tubules and layered structures seen in the hoof and 

the horn? 

• Understanding of the role of self-healing and self-repair on impact-resistance of 

materials and structures. Nature can repair materials if a catastrophic failure occurs, such 

as breaking of bone, for example. How does such repair play a role in the impact resistance? 

Can regrowth be another mechanism or structural feature contributing to material 

response? Biological materials might allow damage to initiate regrowth. How does such 

process work in time, and what can we learn from it and implement in future designs? 

• Understanding of the role of structural hierarchy on materials’ impact resistance. 

How does hierarchy of structures contribute to the impact resistance? How do the different 

length scales influence the impact resistance or biological materials? When designing 

future bio-inspired, impact resistant materials, what length scale is most important: nano-, 

micro-, meso-, or macro-?  

• Identification of design parameters that have the highest influence on the impact 

resistance of materials and structures. Which impact-resistant structural design 

characteristics have the strongest influence on the impact resistance of materials and 
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structures? How strong can the contribution of material components be in comparison to 

the effects of structural designs? 

• Optimal use of materials and porosity. How can one utilize porosity most effectively to 

mitigate high stresses, provide materials’ resistance to loads, in particular dynamic ones?  

• Optimal use of fluids in the designs of impact-resistant materials. How do fluids 

contribute to the impact resistance at different structural scales? How could fluid properties 

be tailored to achieve optimal impact resistance?  

• Creation and efficient utilization of databases for structure-composition-property 

relations for impact-resistant materials and structures. Use of machine learning to 

guide designs of impact-resistant materials and structures.  

• Utilization of the concepts of computational materials design proposed in Materials 

Genome Initiative [206] to accelerate innovation and creation of the final products. 

Creation of theoretical (analytical and numerical) models and make them available for 

research community to facilitate and accelerate new materials designs. 

• Creation of graphical charts to guide designs of new impact-resistant materials and 

structures. Ashby diagrams or similar plots have been powerful tools to guide materials 

selection for various applications. However, very limited charts are available on properties 

linked to impact resistance, such as absorption energy. 

• Architectured, bioinspired materials and structures offer nearly unlimited 

possibilities of combinations of structural elements, specific dimensions, and 

materials choices. How can such a large parameter space be captured effectively? 

• Preliminary research has shown that increasing the levels of hierarchy lead to 

improved impact resistance, but is there a limit to the effectiveness each added length 
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scale? What are the tradeoffs of adding geometries on more length scales and at what point 

do faster impacts bypass the energy absorption mechanisms of these structures? 

• A handful of studies have examined impact induced stress waves within a biological 

material. However further research is needed to fully understand the role the 

structural features play in mitigating these wave effects.  

We listed above just some of the open possibilities, questions, and opportunities. The discussion 

here focuses on impact-resistant materials, but similar thinking applies to other classes of 

materials. These open scientific questions show nearly endless possibilities and present exciting 

opportunities for the discovery and creation of new materials. Materials play an integral role in the 

technological advancements of our society, with impact resistance having multiple important 

applications. Impact-resistant materials can be used for high-end applications (protection against 

meteorites in space, protective armors, and sports equipment) to lower end such as packaging. 

Additional considerations for designs could include sustainability and materials reuse and repair.  
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Chapter 4. The Multifunctionality of Keratin 

Keratin is found in horns, hooves, whale baleen, and pangolin scales which are designed 

to resist dynamic loading. Lee et al. [83] performed impact tests on a gamut of biological materials 
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including abalone, elk antler, bovine femur, wood, armadillo carapace, as well as ram and steer 

horn and determined that the keratinous horns had the highest normalized impact strength. In fact, 

steer horns had an impact strength nearly ten times that of the inimitable abalone shell. However, 

a vast range of biological materials are composed of keratin. It is most commonly found in 

relatively soft integument such as hair, feathers, and nails and is an important constituent in skin. 

In these roles it does more than just provide mechanical stability, filling numerous other roles 

including reversible adhesive, thermal insulator, and hydrophobic substrate. Often times, engineers 

view natural materials as monofunctional, but this is simply not the case. To fully understand 

keratin’s capabilities its multifunctionality in nature needs to be taken into consideration. This 

chapter will review the structure and properties of keratin and will discuss the many functions it 

plays in nature including its role as a mechanical component. 

4.1 Structure and Properties of Keratin 

4.1.1 Structure of Keratin 

The term keratin originates from the Greek word ‘kera,’ which means horn. Historically, 

keratin denoted proteins extracted from modifications of skin such as horns, claws, and hooves. 

However, with an increased understanding of its structural and chemical characteristics, keratin 

now refers to all intermediate filament-forming proteins with specific physicochemical properties 

that are produced in any vertebrate epithelium [207]. These proteins form the bulk of cytoplasmic 

epithelial and epidermal appendageal structures (i.e., hair, wool, horns, hooves, and nails)[168]. 

They are also present inside cells as intermediate filaments, which provide structural stiffness, 

together with actin fibers and microtubules. The term “keratin” will be used to describe this 

material at the nanoscale (macrofibrils) and below. In contrast, “keratinous material” will be used 

to describe the larger-scale structures that are composed of these keratin fibers. 
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Keratins are broadly classified as having either α- or β- ultrastructures (Figure 4.1). 

Typically, mammalian keratin is found in the α-keratin form, while avian and reptilian keratins are 

β-keratin types; however, one mammal, the pangolin, is known to have both α- and β-keratin 

domains in its scales [29]. Like all biological materials, both α- and β-keratinous materials form 

hierarchical structures with geometries ranging from the atomic scale to the macroscale, as shown 

in Figures 4.1 and 4.2. Both α- and β-keratin are built from amino acids at the atomic level. In α-

keratin, the amino acids form a right-handed α-helix secondary protein structure stabilized by 

hydrogen bonds [208–212]. These protein structures, also referred to as polypeptide chains, are 

approximately 45 nm in length and form the basic building block of an intermediate filament at 

the sub-nanoscale. Two polypeptide chains twist together in a left-handed rotation to form a dimer, 

referred to as coiled-coil [213]. The dimers are also approximately 45 nm in length and have a 

diameter of ~2 nm. It is believed that the coiled-coil structure increases the stability of the filament 

compared to a single α-helix [214]. Terminal segments of the dimer constitute an amorphous head 

and a tail domain. Both the head and tail regions aid in the dimer's self-assembly. The two coiled-

coil dimers then aggregate together to form a tetramer which bonds lengthwise (with disulfide 

bonds) to create protofilaments. Two protofilaments align to form a protofibril. Four protofibrils 

then connect to create an intermediate filament (IF) [215]. The IFs, which are ~7 nm in diameter 

for α-keratin, are crystalline and are embedded in an amorphous keratin matrix. Crystalline IFs 

and the amorphous matrix form IF-matrix composites, which act as a basic structure for 

macrofibrils (~400-500 nm in diameter). In literature, keratins are often considered short fiber-

reinforced biopolymers consisting of an amorphous matrix and crystalline fibers (IFs)[216]. 

Like α-keratin, β-keratin is composed of amino acids at the atomic scale and has a 

comparable hierarchical order (dimer to protofilament to IF) at the sub-nanoscale. The most 
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significant difference, compared with a-keratin, is that β-keratin has a different secondary protein 

structure characterized by pleated β-sheets [217]. In β-keratins, the antiparallel peptide chains are 

positioned side-by-side to form a rigid planar surface. These surfaces are slightly bent with respect 

to each other, creating a pleated arrangement [216]. The planarity of the peptide bond and the 

lateral hydrogen bonding accounts for the formation of the pleated sheet [218]. Similarly to α-

keratin, the β-sheet self-assembles into a dimer, which forms the basis of the distorted β-sheet 

(called a protofilament). Protofilaments align to form the β-keratin intermediate filament, which 

is ~3 nm in diameter.  For β-keratin, the terminal sections of the polypeptide proteins wrap around 

the filaments to form the amorphous matrix. Besides the differences between the α- and β-keratin 

at the sub-nanoscale, both keratin types form similar hierarchical structures up to the nanoscale 

(Figure 4.2). At the microscale, keratinous materials' architecture diverges for different organisms 

to optimize their structures for their specialized functions.  
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Figure 4.1 Comparison between the atomic-scale and sub-nanoscale of α- and β-keratin.  Both α- 

and β-keratin, composed of amino acids, are similar at the atomic scale. The secondary protein 

structures are distinct for α (helix)- and β (sheet)-keratin at the sub-nanoscale. The subsequent 

polypeptide chains both form dimers which assemble into protofilaments and finally 

intermediate filaments. At the scale of IFs, both structures converge despite the differences in 

their diameters.  
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Figure 4.2 Once α and β keratin form IFs, their general structure converges again. The IFs embed 

in an amorphous matrix which then forms macrofibrils. These macrofibrils fill dead pancake-

shaped keratinocyte cells, which stack on top of each other forming lamellae. From there, the 

structure of each keratinous system diverges to fulfil its specific function better. On the micro, 

meso, and macroscale, a vast range of designs and configurations are formed from the keratinous 

building blocks.  
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At the nanoscale, the IFs are embedded in an amorphous matrix in both α- and β-keratins. 

This IF-matrix nanocomposite structure subsequently groups to form macrofibrils (~400-500 nm 

in diameter) and then fibers (~6 µm). Variations in the IF alignment, volume fraction, orientation, 

and matrix properties account for the wide range of mechanical properties of keratin-based 

structures. Keratinocytes are the once-living cells that are filled with keratin fibers. Their formative 

boundaries encapsulate the orientation and can vary across organisms or locations within a specific 

organism. When stacked together, the keratinocytes form a layered structure at the microscale due 

to their inherent directional growth from the follicle. In some systems such as the horse hoof wall, 

woodpecker beak, pangolin scale, and bighorn sheep horn, the interface between neighboring 

keratin cells exhibits a wavy sutured morphology. Through their layered growth, keratin cells form 

laminated sheets. The hierarchical structure of many biological keratinous systems begins to 

diverge at this scale. This layered structure is a defining feature of keratin-based materials. The 

laminated sheets organize themselves into different arrangements at the mesoscale. For example, 

the laminated structure in some horns and hooves is characterized by embedded microtubules, 

whereas the lamellae in hair cuticles have an overlapping configuration. Even more so, at these 

larger length scales, some keratinous materials begin forming cellular solids such as the foamy 

centers of quills and feather shafts. The divergence of the structure at the meso and macroscales 

for each organism will be explained in greater detail in Section 2.  

There are also morphological differences among different keratinocytes: in hair, they are 

elongated along the axis (one dimension much larger than the other two); in pangolin scales and 

many other places, they are pancake-shaped, with one dimension much smaller than the other two. 

There seems to be a preponderance of suture structures at the mesoscale. The surface of a cortical 

cell in human hair after tension exhibits a suture-like structure, which increases the contact area of 
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cortical cells and therefore increases the adhesion between adjacent cells and decreases splitting 

of hair along the axis. This suture structure is also found in the pangolin scale.  It has a width 

between 250 and 450 nm and creates an interlocking effect. This structure has been studied and 

generalized by the Ortiz group [219–223]. Figure 4.3 shows the suture structures in hair and 

pangolin scale.  

 

Figure 4.3 Intercellular suture structures. (A) Human hair. Reproduced with permission [224]. 

Copyright 2017, Elsevier. (B) Pangolin scales. Reproduced with permission [29]. Copyright 

2016, Elsevier.  

 To fully capture the hierarchical structure of keratin, computational models have been 

developed for each length scale. Starting with the fundamental building blocks of amino acids, 

these models aim to analyze the mechanical properties and arrangement of molecules in IFs at the 

sub-nanoscale [214,225–227]. Chou and Buehler (2012) pioneered this effort by reconstructing 

heterodimers from an entire amino acid sequence of keratin proteins using molecular dynamics 

simulations. The geometric dimensions of the reconstructed dimer matched well with the 

experimental observations. Using this model, they compared keratin's mechanical properties with 

and without disulfide bonds and concluded that the disulfide bonds improve keratin's durability 

and strength [214]. This feature is similar to the one in elastomers, where vulcanization introduces 

A B
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sulfur bonds between the chains and increases the performance markedly. Qin et al. (2009), from 

the same Buehler group, discussed the hierarchical structure of IFs and analyzed each hierarchical 

level’s influence on the IF’s mechanical properties. They divided the hierarchical structure of IFs 

at the atomic scale and sub-nanoscale (Figure 4.1) into additional eight hierarchical levels. Using 

molecular dynamics modeling, they concluded that each hierarchical level demonstrates a distinct 

deformation mechanism, which enables keratin to sustain prominent deformation at higher length 

scales (beyond the nanoscale) [225]. The dominant mechanisms at each hierarchical level and their 

description are summarized in Table 4.1. In another paper, Chou et al. (2015) demonstrated how 

information from atomic-scale models could be utilized to predict human hair's mechanical 

properties at the mesoscopic scale through a bottom-up approach [228].  
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Table 4.1 Key hierarchical levels and their corresponding mechanisms. 

Length scale Hierarchical structure Key mechanism 

Atomic scale Amino acid ordering and 

hydrogen bonding 

Hydrogen bonding forms at moderate 

temperatures and prompts formation of 

alpha-helices 

Sub-nanoscale  Alpha-helix and Beta-sheet Alpha-helical turns permit large tensile 

strains and extensibility due to uncoiling.   

Sub-nanoscale Dimer Increased stability and resistance to 

mechanical deformation 

Sub-nanoscale Protofilament Increased resistance to interfilament shear 

Sub-nanoscale Intermediate filament Increased extensibility, stiffening, and 

superplastic properties 

Nanoscale IFs embedded in 

amorphous matrix 

IFs provide rigidity while the amorphous 

matrix distributes the applied load 

Nanoscale Macrofibril Increased rigidity and extensibility  

Sub-microscale Keratinocytes Organization of macrofibrils by cell 

boundaries 

Sub-microscale Suture interface Provides interlocking interface between 

neighbouring cells, enhances flexibility, 

and tailored stiffness.   

Microscale Keratinized lamella Layered structure makes up the relative 

thickness of the material and distributes 

stress across the material. Allows for local 

flexibility and increases extensibility due 

to sliding of lamella. 

Mesoscale Dependent on material but 

can include tubules, 

sandwich structures, etc. 

Dependent on structure. Tubules provide 

compressibility and crack deflection. 

Sandwich structures are lightweight yet 

stiff.   

 

4.1.2 Mechanical properties of keratin 

The polymeric nature of keratin lends itself to a wide range of mechanical properties that 

vary according to its amino acid composition, structure, and hydration level [97,168,216,229,230]. 

The amino acid sequence and corresponding residues dictate the availability of disulfide bridges. 

The amino acid cysteine has a thiol group which allows for a covalently bonded di-sulfide bond to 

be formed with another cysteine further along the chain and creates a fold in the protein. Chou and 



 

96 
 

Buehler (2012) showed that keratin’s hardness is strongly correlated with the density of sulfur 

cross-links [214]. A low amount of sulfur indicates soft keratins (outer layer of skin, i.e., stratum 

corneum). In contrast, a high amount of sulfur leads to hard keratins (e.g., hair, nails, feathers, 

hooves) [214,231,232].  

Based on the structural arrangement described in the previous section, keratin’s amino acid 

chains can either curl into helices (α-configuration) or bond side-by-side into pleated sheets (β- 

configuration). The molecular arrangement associated with the alignment of IFs directly influences 

the mechanical properties of keratinous materials [216]. The stress-strain curve of a typical α-

keratinous material consists of three distinct regions: linear elastic region, yield region, and post-

yield region, as shown in Figure 4.4A. Figure 4.4A decomposes the contributions of both the IFs 

and the matrix to the properties of α-keratin fibers. The linear elastic region extends approximately 

up to a 2% strain. In this region, the stress increases linearly with an increase in strain [233]. 

Beyond 2% strain, the keratinous material enters the yield region in which it reaches critical stress 

beyond which the coiled-coil region of the α-keratin helices begins to unravel into the β-pleated 

sheet structure exhibited by β-keratin [234–236]. As a result, the stress-strain curve exhibits a large 

plateau. X-ray diffraction studies have shown that microfibrils open at various points and increase 

in length during the conversion [237]. However, atomic-scale simulations have demonstrated that 

the structure of the dimer assembles in a specific sequence [214]. The low increment in stress in 

the yield region can be explained by the Ciferri model [238]. Ciferri proposed that the low 

increment in stress is due to thermodynamic equilibrium existing between α-and β-structures. The 

α- and β-keratins coexist in equilibrium at a constant stress value dependent on temperature but 

not on each state’s relative quantities. The plateau region exists up to ~30% strain, beyond which 

the material enters the post-yield region, where the stress again increases with an increase in strain. 
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The rise in stress can be attributed to the coupling between the matrix and IFs. Even though the α-

keratin continues to convert to β-keratin until 70-80% of strain, the matrix starts resisting 

deformation at ~30% strain and thus begins to bear additional stress. As a result, a sharp rise in 

tangent modulus is observed [238]. 

Several attempts have been made to capture the mechanical properties of keratin 

analytically. The most notable ones are the two-phase model proposed by Feughelman [239] and 

the Hearle-Chapman model [233,240]. The initial two-phase model of Feughelman was later 

modified to incorporate additional features of keratin. In this revised model, the keratinous material 

comprises two phases: C and M. Phase C denotes long water-impenetrable and relatively rigid 

cylindrical rods. These rods are embedded in a water-absorbing matrix called phase M. Phase C 

represents a coiled-coil part of the polypeptide chain in α-keratin. This phase has lower sulfur 

content to interact with water. Phase M consists of non-helical parts of α-keratin (like its head and 

tail) and matrix structure surrounding polypeptide chains. These parts have higher sulfur content 

and can absorb water, giving rise to viscoelastic behavior in keratin. According to this model, the 

initial region (named the linear elastic region by earlier, less complex studies) of the stress-strain 

curve for α-keratin can be represented by a spring and dash-pot model (Figure 4.4B) where a spring 

(with a spring constant of Ef) is in parallel with another spring (with a spring constant, EM) and 

dashpot (with viscosity, η). The spring constant, Ef, represents Young’s modulus of the crystalline 

phase and therefore does not depend on moisture content. The EM and η represent the properties 

of a viscoelastic amorphous matrix dependent on moisture and temperature. As evident from the 

spring-dashpot model, the non-linear viscoelastic behavior of keratin in the Hookean region is due 

to the matrix phase described as a weak “gel” structure [241]. As the gel structure is extended at a 
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fixed rate, the bonds progressively break down. If the extension is ceased, the broken bonds re-

form rapidly in equilibrium.  

 

Figure 4.4 Mechanical properties of keratin and keratinous materials. A) Idealized stress-strain 

curve of α-keratin showing three distinct regions. This is a representative curve and does not take 

into account factors like viscoelasticity or structural deformation mechanisms. Still, it does 

highlight the plateau yield region and the range of these three phases of deformation. 

Reproduced with permission [216]. Copyright 2012, Springer. B) Spring and dashpot 

configuration of the two-phase model that is used to incorporate the hydration-induced 

viscoelasticity of the amorphous matrix. C) Tensile stress-strain curves of bird feathers and claws 

test at different humidities at a strain rate of 0.11 min-1. Adapted with permission [242]. 

Copyright 2004, Springer. D) Effect of strain rate on biopolymers' strength (whale baleen, hair, 

pangolin) and the synthetic polymer PMMA. Reproduced with permission [243]. Copyright 

2018, Wiley.  

In the yield region, the α-helices in the crystalline phase C are extended to the fiber 

structure's total length. As a result, they start unfolding to β-units at a nearly constant stress, 

governed by a thermodynamic equilibrium between α- and β- units. Most of the force applied to 

Figure 3
A B

C

Figure 3 Idealized stress-strain curve of α-keratin showing three 
distinct regions. This is a representative curve and does not take 

into account factors like viscoelasticity or structural 

deformation mechanisms. Still, it does highlight the plateau 
yield region and the range of these three phases of 

deformation. 

0.00 0.05 0.10 0.15

0

50

100

150

200

250

Strain (mm/mm)

S
tr

e
s
s
 (

M
P

a
) Rachis (100%)

Rachis (50%)

Claw (0%)

Claw (50%)

Claw (100%)

Rachis (0%)

D



 

99 
 

the keratinous material in this region is resisted by the IFs, whereas phase M resists only a small 

force that is nearly constant. The viscosity contributes to the time constant for the relaxation and 

provides resistance to folding and unfolding of α-helices. 

When the α-helices transition to β-pleated sheets in the yield region, they extend in length. 

Figure 4.5A shows a full period of the α-helical structure consisting of the atomic sequence (-

CCNCCNCCNCC-); its length is 0.52 nm.  When this helix is fully rectified and extended (Figure 

4.5B), its length becomes 1.39 nm.  However, the assembly of polypeptides is such that a folded 

β-pleated sheet is formed; this reduces the length to 1.2 nm. Thus, the nominal strain of the α to β 

be calculated and is equal to 1.34. However, it is rarely achieved experimentally, and other 

processes are thought to take place.  

 

Figure 4.5 Full period (one rotation, corresponding to -CCNCCNCCNCC-) for α-helix (0.52 nm) 

and corresponding distance for β-pleated sheet (1.2 nm). The stretched β configuration with the 

same chain (-CCNCCNCCNCC-) has a length of 1.39 nm. The formation of pleats reduces the 

length to 1.2 nm. The theoretical strain corresponding to full transformation is equal to 1.34; this 

is seldom achieved in real cases. Reproduced with permission [224]. Copyright 2017, Elsevier.  

At a larger spatial scale, the IFs parallel to each other start moving closer together, jamming 

the still unfolding α-helices against the matrix phase, which consists of globular matrix proteins. 

Due to the increase in length when the α-helices transition to β-pleated and the jamming of proteins 
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in the matrix, further extension of the material distorts matrix proteins. As a result, the matrix starts 

carrying more load resulting in an increase in stress with strain. The above is the essence of the 

Feughelman model. 

Chapman [233] and Hearle et al. [240] independently extended the two-phase model to 

explain the zonal unfolding of α-helices in microfibrils by considering the effect of mechanical 

coupling between the fibril and matrix. They assumed that the single fibril is of infinite length. 

The matrix never enters the yield region and therefore behaves elastically as it bears only a small 

portion of the total force. Based on this model, they derived the equations to predict stresses and 

strains in different regions as shown below. We use subscripts f and M for the fiber and matrix, 

respectively.  

Hookean region: EM ≪ Ef thus, the stress is taken by the fibril 

σ =  Efε 

At the yield point 

σ = σc and ε =  εc =  
σc

Ef
⁄  

Yield region: (once the transition of α-fibrils has started) 

ε =  σ
Ef

⁄ +  ε2 

σc =  σe + EMεM 

End of post yield region  

σ0 =  σe + EMεb 

ε0 =  σ
Ef

⁄ +  εb 
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where 

1

Ep
=  

1

Ef
+  

1

EM − (σc − σe)/(2εb)
 

 EM is Young’s modulus of the matrix, Ef is an initial fibril modulus, σ and ε are the total stress 

and strain, respectively, in the material. σc is equal to the critical stress at which the unfolding of 

α fibrils begins. ε2 is the strain due to unfolding of α fibrils, σe is the equilibrium stress for the 

transition between α to β fibrils, εM is the strain in the matrix, εb is the strain associated with α to 

β transition, and Ep is the effective modulus in a post-yield region. The detailed derivation for the 

above equations is given in Hearle and Chapman [233,240]. 

In general, α-keratin has a high tensile fracture strain, primarily due to the stretching and 

sliding of the polymer chains across many length scales. The hagfish slime threads have the highest 

tensile breaking strain of 2.2 when tested in seawater [244]. Despite large tensile breaking strains, 

there are significant variations in tensile strength across species due to structural orientation, 

hydration, and composition [244]. The tensile strength ranges from 2 MPa in the stratum corneum 

to 225 MPa in human hair to 530 MPa in the hagfish's dry slime threads. Mechanical properties of 

keratinous materials also depend on the orientation and volume fraction of intermediate filaments 

and hydration of the material: greater alignment in IF results in higher tensile strength. Thus, the 

tensile strength of human hair (where all the IFs in the cortex are aligned with the hair axis) is 

higher than that of human nails (where there are three layers in which the IFs are oriented at 90 

degrees to each other). 

The degree of hydration dramatically influences the mechanical properties of keratin. 

Increasing humidity and water content decreases the stiffness, strength, and hardness 

[28,168,245,246] This behavior, summarized in Table 4.2, is attributed to the interaction of water 
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molecules with the amorphous matrix, which breaks stabilizing hydrogen bonds and increases the 

mobility of the fibers within the matrix [247]. In equine hoofs, Young’s modulus drops an order 

of magnitude between dry and hydrated conditions [82,97]. This increase in ductility in hydrated 

keratinous samples is associated with a higher tensile strain but lower tensile stress.  Thus, 

hydration has a drastic effect on strength. The feather, for example, sees its tensile strength more 

than halved from 221 MPa to just 106 MPa when placed in 0% relative humidity (RH) environment 

vs. 100% RH environment [242]. These trends can be seen in Figure 4.4C, which shows the stress-

strain curves of bird feathers (rachis) and claws under tension at different relative humidities. 

Additionally, the pangolin scale has been shown to exhibit a decrease in hardness with hydration, 

from 314 MPa to 148 MPa in dry and hydrated states, respectively [28]. Other systems like whale 

baleen, porcupine quill, horn, and claws also see drastic reductions in strength with increasing 

hydration. 
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Table 4.2 Mechanical properties of keratinous systems at various humidity levels. *% RH= % 

Relative humidity, perp. = perpendicular to longitudinal axis of the tubules, para. = parallel to 

longitudinal axis of the tubules. 

Biological material Humidity Young’s 

Modulus (GPa) 

Strength (MPa) References 

Stratum  corneum 10% RH 

100% RH 

1 

0.005 

18 

2 

[248] 

Wool 0% RH  

65% RH  

100% RH 

-- 

4.5 

2.5 

260 

-- 

180 

[249,250] 

Quill 65% RH 

78% RH 

100% RH 

2.7  

1.9-2.3 

1.0 

146 

61.3-167.9 

60 

[251] 

Horn 50% RH 

Soaked in water 

3.9 

0.7 

77 

25 

[104] 

Hoof 0% RH 

75% RH 

100% RH 

14.6 

2.63 

0.41 

-- 

38.9 

9.18 

[97] 

Whale baleen  Ambient 

Soaked in water 

Soaked in water 

1.8/3.1 (perp./para.) 

0.1/1.1 (perp./para) 

1.2 

80/116 (perp./para.) 

7/19 (perp./para.) 

30 

[243] 

 

[252] 

Hagfish slime threads Soaked in water 0.006 180 [244] 

Feather 0% RH  

100% RH 

3.7 

1.5 

221.0 

106.3 

[242] 

Beak 50% RH 1.3 47.5 [101,253] 

Claw 0% RH 

50% RH 

2.7 

2.1 

90.3 

68.7 

[242] 
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100% RH 0.14 14.3 

Pangolin scale 50% RH 0.963 72.43 [29] 

Snake epidermis 43% RH  3.42-4.73  -- [254] 

Finger nail 0% RH 

55% RH 

100% RH 

4.34 

2.32 

0.47 

-- 

-- 

-- 

[255] 

Hair 

 

 

20% RH 

50% RH 

Soaked in water 

 

4.2  

~250 

~175 

~165 

[256] 

Gecko Seta 30% RH 

80% RH 

3.7 

2.13 

262.5  

237 

 

[257] 

 

There are apparent variations in the mechanical properties of different keratinous systems. 

For example, the hoof, which has reinforced tubules, exhibits Young’s modulus of 14.6 GPa at 0% 

RH, more than three times that of fingernails, claws, and feathers under the same humidity 

conditions. Even keratinous materials found in similar organisms, such feathers and claws, have 

noticeably different mechanical behaviors. These variations can also be observed in Figure 4.4C. 

These differences can result from deviations in both chemical composition (i.e., mineralization, 

degree of crystallinity, etc.) or structure (porosity, lamellar arrangement, fiber orientation, etc.)   

Keratin is known to be highly strain-rate sensitive, which is related to its viscoelasticity 

and viscoplasticity, i.e., its time-dependent response [224,256]. This is typical behavior of 

polymers.  Figure 4.4D shows the strength (s) versus strain rates (ε̇) on a log-log scale for whale 

Table 4.2 Mechanical properties of keratinous systems at various humidity levels. *% RH= 

% Relative humidity, perp. = perpendicular to longitudinal axis of the tubules, para. = 

parallel to longitudinal axis of the tubules. (Continued) 
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baleen, hair, pangolin scales, and a synthetic polymer (PMMA); the similarity is evident. The strain 

rate sensitivities “m” (defined as 
d(logσ)

d(logε̇)
) for biological materials (hair, pangolin, whale baleen) are 

comparable to those of PMMA, a synthetic polymer. In the case of whale baleen, the strain-rate 

sensitivity of the dry samples (m ≈ 0.02–0.03) is significantly lower than that of the hydrated ones 

(m ≈ 0.09–0.11).  This difference is attributed to the hydrated specimens’ increased viscosity, 

enabled by the water molecules penetrating the amorphous matrix and plasticizing it. In the dry 

specimens, the effect of the mineral phase becomes stronger. 

The general trend for keratinous materials is that increasing strain rate increases stiffness 

and strength while decreasing the breaking strain [79,169,246,253]. Thus, most keratin materials 

undergo an elastic to ductile-plastic to brittle transition with an increasing strain rate, as was shown 

for the toucan rhampoteca [253] and pangolin scales [29]. This rate-dependent behavior has 

important implications for impact resistance, suggesting that these materials can withstand greater 

stresses under dynamic conditions and have different failure mechanisms than quasi-static 

conditions. The embrittlement at high strain rates is an important consideration. 

 Keratin is also one of the toughest biological materials, as seen in Figure 4.6 [168]. This 

characteristic is due primarily to its hierarchical structure. As demonstrated by Qin et al. (2009), 

different hierarchical levels can undergo distinct deformations that enable keratin to absorb larger 

amounts of energy before failure [225]. The matrix is primarily responsible for distributing the 

applied loads during large deformations while the fibers carry the most load and serve to arrest 

cracks. Some keratinous materials have optimized mesoscale features, such as tubules in horns and 

equine hooves, which enhance the material’s toughness. Due to fiber orientation concentration and 

the presence of features like tubules along a specific direction, toughness is typically found to be 

anisotropic [80].   
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Figure 4.6 Ashby diagram demonstrating toughness vs. modulus for different biological material. 

Reproduced with permission [258]. Copyright 2016, Elsevier.  

4.1.3 Hydration-induced shape recovery 

Keratin systems often function as protective layers which undergo significant deformation.  

Many of these systems are permanent and cannot remodel or self-heal through biological processes 

after experiencing considerable deformation, such as in the bighorn sheep horn [259], feathers 

[260,261], and pangolin scales [262]. A solution to this lack of regenerative capacity is keratin’s 

ability to undergo hydration-assisted shape recovery. This phenomenon was discovered by Liu et 

al. (2015b), who observed 98% shape recovery in compressed peacock tail feathers after seven 
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cycles of deformation to over 90% strain [260]. After the keratin is deformed plastically, the 

recovery process involves water infiltrating the amorphous keratin matrix, causing swelling, which 

forces the deformed crystalline regions of the IFs to regain their initial shape by breaking and 

reforming hydrogen bonds [259]. Also, the feather shaft was shown to have hydration-assisted 

shape and strength recovery. The feather shaft was subjected to bending and then allowed to soak 

in water for 24 hours, and after one cycle, it was found to recover its strength by ~80% [261].  The 

mechanism proposed by Sullivan et al. (2018) for the feather is shown in Figure 4.7 [261]. The 

Bighorn sheep horn was also shown to recover its shape by soaking in water after severe 

compression of 50% strain which was further assisted by the hollow tubules [259]. In a similar 

study by Liu et al. (2016b), the pangolin scale was shown to have hydration-assisted strength 

recovery after indentation, which simulated penetration-induced injury by a predator. The self-

healing was attributed to the swelling of the keratin-based material allowing for an increase in 

flexibility of keratin fibers to reorientate and straighten [262].  

The top sequence of Figure 4.7 shows the gradual restraightening of the feather shaft as it 

is hydrated. Plastic deformation causes permanent deformation of the amorphous matrix (bottom 

sequence), which is weaker than the IFs. The IFs undergo buckling on the compression side. Upon 

hydration, water molecules penetrate the amorphous matrix and cause swelling, which forces the 

crystalline IFs to straighten and realign. Upon drying, the matrix shrinks again, and the original 

configuration is established. These studies show that hydration actuates shape recovery in α-

keratin and β-keratin, which is not surprising as both keratins have similar structures involving 

crystalline IFs embedded in an amorphous matrix. 
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Figure 4.7 Reversible deformation of feather shaft induced by hydration; top: restraightening of a 

deformed feather with hydration and recovery of its initial shape; bottom sequence of events as 

the IF-amorphous matrix composite is first deformed and then hydrated. Adapted with 

permission [263]. Copyright 2021, Nature.  

4.1.4 Thermal Properties 

Another common function of keratin is to serve as a thermal insulating barrier in hair, wool, 

fur, and feathers, to name a few. Often the goal of these systems is to trap air pockets within the 

insulating layer. This method is very effective since air has an extremely low thermal conductivity 

of just ~0.0264 Wm-1K-1 [264]. As noted previously, the self-assembly process of natural 

keratinous materials has afforded some organisms with precisely controlled meso-, micro-, and 
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nanostructures. For thermal insulation, this ability has been utilized to generate lightweight 

systems that trap significant amounts of air with minimal material. Note that keratin by itself has 

a low thermal conductivity of just 0.19 Wm-1K-1. However, when arranged into low-density wool, 

the combined thermal conductivity is reduced to 0.03 W m-1K-1 [264]. Nature’s ability to produce 

these intricate structures in abundance has made certain keratinous systems like feathers, wool, 

and fur some of humanity’s most valuable thermal insulators to date.  In humans, bipedalism 

concentrates exposure from the sun to the head, and this is exactly where capillarity is highest. The 

remainder of the body is only covered by vestigial hair, and this enables an increase in sweat 

glands, which enhances the ability of the body to regulate the temperature and has helped humans 

to develop an amazing ability to run for extended distances.  

4.2 Bioinspired materials based on keratinous systems 

Keratin is one of the most essential biopolymers found in nature, appearing in the 

integument of many vertebrates, as discussed in Section 1. Keratinous materials are especially 

intriguing due to their hierarchical structures, which vary widely across organisms and are found 

in a broad range of morphologies that are tuned for their specific functions. To show that these 

configurations give rise to the high performance of natural keratinous materials and can be a source 

of bioinspiration, these naturally occurring geometries are replicated in engineered materials by 

simplifying integral designs and scaling them to more appropriate sizes for processing and 

mechanical testing. Additionally, many of these studies rely on numerical and analytical models 

to better understand the mechanical behavior and deformation mechanisms of these bioinspired 

systems. This section will review these efforts through a bioinspired lens, focusing on how keratin-

based systems and their structures achieve diverse functions. 
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The many functions of keratinous materials, shown in Figure 4.8, will lay the framework 

for reviewing their associated bioinspired materials. Table 4.3 highlights some common examples 

of systems for each function and their relevant structures.  

 

Figure 4.8 Keratin provides many functions in nature. In the following section, bioinspired 

designs based on keratinous systems will be broken down into the classifications shown in this 

figure. 
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Table 4.3 Keratin biological systems, their principal functions, and related structures. 

Function Biological Systems Structures References 

Mechanical  Hooves, horns, bird 

beak, turtle scutes, 

pangolin scales 

Tubules, sutures, layers, 

sandwich structures, 

articulated scales 

[27,29,76,78,122] 

Lightweight Feathers, beak, 

porcupine quill 

Sandwich structures, 

foam 

[251,265,266] 

Thermal Hair, fur, and feathers Large surface area, 

trapped air 

[256,267,268] 

Structural color Feathers Nanostructures  

Reversible 

Adhesion 

Gecko setae Branched structures, 

nanospatula 

[269] 

Hydrophobicity Feathers, gecko skin Spinules, hamuli, 

nanogrooves 

[270,271] 

 

4.2.1 Mechanical Applications 

Keratin-based materials are frequently utilized in nature as structural load-bearing 

components that provide protection and withstand high impact forces. Keratinous systems perform 

admirably under such diverse mechanical demands, even compared to some of the most advanced 

engineered materials [83]. One reason is that keratin's mechanical properties can be tuned by 

hydration, providing a stiff (~10 GPa) load-bearing material when dry or a ductile rubbery material 

when fully hydrated (~0.1 GPa) [78,97,245,272]. Another reason is that keratin takes on the form 

of a wide range of structures with intricate geometrical features at multiple length scales that 

synergistically lead to high mechanical performance. This subsection will review keratinous 

systems with remarkable mechanical properties and instances where their structural features have 

been used as inspiration for synthetic materials. 

One of the most common keratinous systems that has been studied for bioinspiration is the 

hoof wall of horses and bovines [26,78,79,81,82,97,98]. Horse hooves hit the ground at a speed of 
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~8m/s [96] and can experience impact forces of ~16.1 N/kg (deceleration of ~56 g) [273,274]. The 

hoof wall is composed of dead keratinocyte cells that cannot repair themselves yet can survive 

many regular impacts. This characteristic has made the hoof wall a prime candidate for designing 

bioinspired materials with high impact resistance and energy absorption capabilities. The hoof wall 

has an intricate hierarchical structure, depicted in Figure 4.9A, that has been shown to augment 

keratin’s bulk properties. At the mesoscale, the hoof has hollow cavities (~40 micrometers in 

diameter) surrounded by relatively stiff elliptical regions (with a major axis of ~200 micrometers 

and a minor axis of ~100 micrometers) that run parallel to the surface of the hoof wall [78]. These 

tubules are embedded in a lamellar matrix composed of stacked, microscale, pancake-shaped cells 

(keratinocytes). These two geometries work in concert to provide the hoof with high fracture 

control [80–82] and impact toughness [78,79].  
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Figure 4.9 Horse hooves have been a great source of inspiration for tough materials with fracture 

control properties. A) A schematic of the horse hoof’s micro and meso structure showing 

reinforced tubules embedded in layers of pancake-shaped cells. These cells are filled with IFs. 

Reproduced with permission [82]. Copyright 1999, Company of Biologists. B) Schematic 

showing different epoxy arrangements infiltrated PLA samples inspired by the hoof’s layered 

structure. C) Crack propagation through flat layered samples before peak stress (top left), at peak 

stress (bottom left), during failure (top right), and after failure (bottom left). D) Failure pattern of 

zig-zag layered samples. E) Schematic showing how cracks interact with a jagged layered 

structure. F) Force-extension curve (left) and energy absorption-extension curve (right) of 

samples with layered structures of different angles. Reproduced with permission [275]. 

Copyright 2019, Elsevier Ltd. 

 Rice and Tan [275] drew inspiration from the lamellar structure found in the horse hoof's 

intertubular matrix to design improved composite materials. In hooves, the lamellar structure has 

shown strong retardation of fracture propagation by causing cracks to divert along the interlayer 

interfaces away from the living tissue at the hoof's interior [80–82]. To harness this fracture control 

A B

C

D

E
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mechanism for engineered composites, Rice and Tan [275] manufactured a layered material with 

alternating soft (ductile) and stiff (brittle) regions, composed of 3D printed PLA layers infiltrated 

with epoxy or resin, as shown in Figure 4.9B. Their goal was to demonstrate that this bioinspired 

structure could successfully be utilized in synthetic composites and explore the effects of layer 

thickness, layer angle, and notch location on crack propagation. Single-edge notched bending tests 

on monolithic samples of resin, epoxy, and PLA showed that cracks traveled directly through the 

material with negligible deflection. Similar results were found for samples that contained flat 

lamellae and thin PLA layers, as shown in Figure 4.9C. The shear stress near the crack tip initiates 

debonding between the soft and hard layers; this gives rise to a crack-deflection mechanism similar 

to those found in hooves. Maximum shear stress develops at 45o to the original notch tip, while 

the lowest shear stress occurs at 90o to the notch. So, flat layers (layers oriented at a 90o angle to 

the notch like those in Figure 4.7C) experience the least debonding and exhibit minimal crack 

deflection. However, these samples have the benefit of being very stiff and require high peak forces 

to failure. Figure 4.9D shows how the introduction of angles into the lamellar structure can affect 

the crack path through the material. As the angle of the layers relative to the crack tip nears 45o, 

more shear stress builds up between the soft and hard layers causing the crack to deflect along the 

interface of the two materials. Figure 4.9E compares the force-extension curves of samples with 

layer angles of 60o, 70o, and 90o. Layers at 60o begin to debond at very low forces, while layers at 

90o do not exhibit any debonding. Lamellar structures oriented at 70o are an ideal compromise, 

providing some stiffness and resistance to fracture before absorbing energy by debonding along 

the zig-zag interface. Figure 4.9E also shows each model's energy absorption curves and indicates 

that after 14 mm of extension, the 70o model absorbs more energy than the traditional 90o model. 

One final factor that was found to be very important for this configuration is the layer thickness. 
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When the ductile PLA layer was too thin, the crack fractured through it, and minimal deflection 

was observed. Higher peak forces and energy absorption were found for thicker ductile layers.  

 Several researchers have also explored the characteristic tubular structures found in 

hooves. B. Wang et al. (2020) 3D printed simplified tubular arrangements based on bovine hooves 

[276]. The tubules were modeled as hollow hexagonal prisms with varying angles that are inspired 

by the different angles of the intertubular layers found in the hoof. Three different configurations, 

shown in Figure 4.10A, were prepared for single-edge notched bending tests. The first model (G1) 

had no internal structure and was composed of bulk PLA. The second model (G2) had three rows 

of tubules, each offset from the previous row by 22.5o. The final model (G3) had the same structure 

as G2, but the tubules had a deflection of 15o. The introduction of tubules significantly improved 

the mechanical performance of the material with an increase of 39% in KIC and 55% in GIC from 

the G1 model to the G2 configuration. Figure 4.10A shows the KIC and GIC results normalized by 

volume, which indicates the superiority of the G2 design. The samples with tubular elements had 

a confined fracture pattern, which was given credit for the enhanced toughness and energy 

absorption of the G2 and G3 models. 

 Huang et al. (2018) combined reinforced tubular and lamellar structures to understand the 

impact-resistant synergy that these arrangements provide. Four different models were created 

using a multi-material 3D printer. These can be seen in Figure 4.10B. Single-phase samples were 

made out of stiff and brittle VeroClear®. A softer, more ductile polymer called TangoBlackPlus® 

was used to print the black, interlayer regions on the models. Both of these phases are proprietary 

materials produced by Stratasys, Ltd. Each sample was impacted with 100 kJ/m2 of energy, and 

the results are shown in Figure 4.10B. The single-phase samples failed and fractured into many 

pieces. While the other three samples all remained intact, only the double-phase tubule reinforced 
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sample prevented cracking from reaching the sample's corners. Optical microscopy images of the 

damaged samples are shown at the bottom of Figure 4.10B, where the tubules' crack arresting 

capabilities can be observed [100].  

  

Figure 4.10 Tubular structures in hooves have attracted significant attention for bioinspired 

designs. A) Schematic of different tubular arrangements modeled after the hoof with tubules 

(yellow) represented as hexagonal prisms [276]. B) Image of notched three-point bending test of 

different models (top), graph normalized KIC for each model (middle), and representative images 

of the damage zone for each model after testing (bottom). Reproduced with permission [276]. 

Copyright 2020, Elsevier B.V. C) Schematic of different models with increasing complexity 

culminating in double-phase tubules embedded in a layered structure (top). Images (middle) and 

optical micrographs (bottom) of the different samples after drop tower tests where the impact 

energy was 100KJ/m2. Open Access [100].  

 Ma et al. (2020) formed tubular structures inspired by the equine hoof wall's architecture 

to achieve outstanding crashworthiness. As shown in Figure 4.11, they modified traditional square 

tubes by replacing the vertices with the unit geometrical structure. The conception of these 

structures was inspired by the tubular geometry present in the keratinous equine hoof wall. They 
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also modified the side walls to corrugated plates, inspired by secondary epidermal lamella in an 

inner lamellar layer. The samples were manufactured using the aluminum alloy AA6061-0. Ma et 

al. (2020) demonstrated that the hoof-inspired geometry (HCT) could significantly improve 

crashworthiness using compression tests and finite elemental analysis. The HCT provided a 269% 

increase in energy absorption and 124% increase in specific energy absorption over traditional 

square tubules in compression testing [277].  
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Figure 4.11 Crashworthy structures inspired by the horse hoof wall. The top two rows of images 

show the naturally occurring horse hoof, while the bottom row shows designs of increasing 

complexity that incorporate the tubular and lamellar microstructure of the keratinous hoof 

sheath. Reproduced with permission [277]. Copyright 2020, Elsevier Ltd. 

Horns have a very similar structure to hooves with hollow tubular elements embedded in 

lamellar stacks of flat cells. However, the tubules in horns are perpendicular to loading at the 

impact zone and lack the reinforced region surrounding the tubules that is found in hooves. Figure 

4.12A shows SEM images of the tubular and lamellar structure of the bighorn sheep horn alongside 

3D printed models of the horn, including a single-phase block of stiff VeroClear® with and without 

an array of tubules and two-phase lamellar structures (the second phase being ductile 
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TangoBlackPlus®). Figure 4.12B shows how the bioinspired models compare to horn samples 

under compression. When samples were compressed with the loading axis parallel to the lamellae, 

they showed much lower strength. This behavior is due to delamination between the soft and hard 

phases, similar to the response found in horns. When samples were compressed perpendicular to 

the tubules, the hollow cavities collapse, leading to a slight decrease in stiffness and strength but 

an increase in plastic deformation and final compressive strain. Again, this performance mirrored 

that of real horns, suggesting that this structure could also have good energy absorption capacity 

under impact [100].  
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Figure 4.12 Bighorn sheep horns can endure tremendous impacts and have been the muse for 

several impact-resistant bioinspired designs. A) The horn's structure (top) with SEM images of 

its tubular and layered structure. Schematics and images of bioinspired designs with unreinforced 

tubules embedded in a layered configuration. The layers relative to the tubules' orientation are 

the opposite of the hooves while the orientation of the tubules to the impact direction is also 

reversed. B) Stress-strain curves of the horn and bioinspired samples in different orientations. C) 

images of failure mechanisms of bioinspired samples when compressed in different orientations 

with respect to print direction. Open Access [100]. 
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However, 3D-printed polymer models of keratinous structures have been limited by their 

inability to capture these systems’ full complexity and mechanical functionality. While the shape 

of the stress-strain curves of the printed samples and horn samples are similar, Figure 4.12C shows 

that their failure mechanisms are quite different. For example, the 3D printed samples developed 

stress concentrations around the tubules leading to cracking when compressed perpendicular to the 

tubules. This behavior was not observed in the horn, which was able to distribute stress more 

uniformly [76]. Also, when horn samples were compressed parallel to the tubules, tubule buckling 

was observed. In the 3D printed samples, it was the lamellae that buckled rather than the tubules. 

These differences are likely due to disparities in material properties between printed and natural 

samples, the lack of lower-order hierarchical structure in the printed models, and processing 

restrictions that create weak interfaces and residual stress in 3D printed components. The print 

direction additionally influences the mechanical response. While 3D printing biomimetic 

structures have huge potential, this example underscores some of this technique’s limitations [76].  

Huang et al. (2018) also tested the recoverability of compressed 3D printed samples 

inspired by bighorn sheep horns. Dynamic and quasi-static recovery tests on horn samples showed 

that, when exposed to water, keratinous materials can regain much of their initial shape after 

compression. In keratin, this process is highly dependent on hydration, which disrupts the 

hydrogen bonds within and between the macromolecular chains and allows them to be reformed 

in a recovered position once the load is released. A similar process can be achieved in synthetic 

polymers by raising the specimen’s temperature over the glass transition temperature. After being 

compressed to 50% strain, the 3D printed samples were exposed to 62o C for 15 minutes. Similar 

to the horn results, damage from compression in the longitudinal and transverse directions was 

irrecoverable due to lamellae buckling and shear band formation. However, in the radial direction, 
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much of the structure and the stress-strain curve was recovered in subsequent compression cycles, 

suggesting that keratinous materials can also provide a structural blueprint for shape recovery 

materials [100].  

Kassar et al. (2016) produced foam liner material for motorcycle helmets inspired by the 

microstructure of horns. Helmets and horns both have an outer structure that is mainly responsible 

for energy absorption during impact. Soft inner tissue that distributes the load increases the 

deceleration distance and thus protects the head. Following a similar principle, they designed solid 

foams with varying tubular porosity. As observed in horn structures, the tubules’ porosity was 

varied from 0%, near the head, to 10% in the middle and ~30% on the outer shell [278].  This 

spatial change in porosity is a classic example of a gradient structure, one of the hallmarks of 

biological materials [151]. Figure 4.13 shows the bioinspired design. To assess the design, 

modified drop tower tests according to “United Nations Economic Commission for Europe 

Standard” for motorcycle helmets ECE 22.05 were performed using the foam manufactured by 

EPS material. The design was able to meet safety thresholds far below the limits stipulated by the 

ECE 22.05 motorbike helmet testing standard. 
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Figure 4.13 Bighorn sheep horns absorb tremendous impacts in nature, so researchers envision 

helmets inspired by the horn’s microstructure. A) Visualization of the hierarchical structure with 

an emphasis on the microstructure of the bighorn sheep horn. B) Conception of a helmet with a 

gradient in tubular porosity between the interior and exterior. C) Cross-section of the protective 

tubular region showing a variation in tubule size through the helmet's thickness. Reprinted with 

permission [278]. 

 The above efforts have taken bioinspiration from microscale structural elements of hooves 

and horns. However, Sun et al. (2014) designed rear under-run protection devices (RUPD) for 

heavy trucks inspired by the macroscale geometry of the sheep horn. The RUPD prevents the entry 

of small-scale vehicles under the rear end of the heavy truck. The design was analyzed using a 

finite element analysis. The authors concluded that, compared to the normal RUPD of the same 

thickness, the bio-inspired design could provide better protection when rear-end accidents happen; 

this is due to its enhanced energy absorption and structural strength [71]. Zhang et al. (2008) took 

inspiration from buffalo hooves to design impellers for a paddy field. They studied the buffalo 

hooves’ curvature that allows them to maneuver through the field with relative ease. The impeller 
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designed with similar curvature has a 38% increase in pull force and was more efficient than 

standard blades [279]. 

Baleen is the filter-feeding system found in the oral cavity of baleen whales, some of the 

largest animals on the planet, and is composed of highly mineralized keratin. To withstand the 

forces associated with filter-feeding, some whales have evolved baleen with complex structures 

that provide remarkable fracture toughness. The baleen plates contain a tubular sandwich structure 

that can be seen in Figure 4.14A. The tubular region has a structure that is reminiscent of hooves 

but has a much higher mineral content that arises from hydroxyapatite nanocrystals embedded 

among the keratin intermediate filaments. The sandwich structure, composed of a solid shell 

around the tubular zone, provides high flexural stiffness and strength relative to the material’s 

weight. Much like the tubule lamellae found in hooves, the concentric layered arrangement around 

the hollow cavities serves to deflect cracks and increase fracture toughness. This structure is highly 

anisotropic. The differences that arise from different loading directions can be seen in Figure 

4.14B. Loading parallel to the tubules gives higher Young’s modulus but less ductility than the 

loading perpendicular to the tubules. This anisotropy has a profound effect on fracture toughness 

[243]. 
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Figure 4.14 Whale baleen is a part of the filter-feeding apparatus of baleen whales and is able to 

withstand high pressures and impacts from fish that get sucked into the whale's mouth. 

Bioinspired models have shown that the structure of the baleen helps endow it with admirable 

properties. A) Image of a cross section of whale baleen showing the tubule layer sandwiched 

between a solid shell of keratin. B) Stress-strain curves of the baleen in each orientation showing 

significant differences in response based on loading direction. Stress-strain curves of the 

bioinspired models, indicating the design's superiority with all of the features incorporated in 

tandem in model iv. Reproduced with permission [243]. Copyright 2018, WILEY-VCH Verlag 

GmbH & Co. KGaA. 

Four 3D printed models were fabricated to investigate the role that each of these features 

plays in the baleen. The most complex model (model IV) printed using three different materials 

most closely represents baleen. The mineralized lamellae were simulated using a stiff polymer and 

the matrix using a ductile polymer, while a polymer of intermediate stiffness represented the 

unmineralized lamellae filaments. Each successive model adds a new design element. Model I 
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contains just a sandwich structure of soft material between two stiff layers; model II adds the 

concentric filament structure; model III includes the hollow cavity at the center of tubules. Model 

IV combines all of these features with the stiff lamellar rings shown in yellow. The addition of 

filaments raised the samples’ stiffness, while the hollow cavities slightly decreased the sample 

strength at strain rates of 0.28 s-1 and 10-4 s-1 but increased it at strain rates of 10-2 s-1.  The addition 

of the stiff lamellar rings unsurprisingly increased the models' stiffness and strength and led to 

significantly more strain-rate stiffening and strengthening. These phenomena were also observed 

in the natural baleen. Wang et al. (2019) concluded that model IV provides the best mechanical 

performance showing that the features found in keratinous whale baleen can be utilized as 

beneficial structural design elements [243].  

In summary, bioinspired research on mechanical keratinous tissue has focused on several 

features: tubules (as found in the hoof, horn, and baleen), lamellar structures (found in all 

keratinous materials), and macroscale geometry (like hoof curvature or horn shape). When 

composite materials incorporate tubules or lamellae, they find improved fracture toughness due to 

crack interactions at these structures’ interfaces. Similarly, macroscale geometries are practical but 

largely unexplored avenues of inspiration for specific functions like impellers or bumpers.  

4.2.2 Thermal Insulation 

 Keratinous systems are some of nature’s best insulation by virtue of their elaborate 

structures that trap air. Many synthetic fibers are more inherently resistant to heat transfer. 

However, with their hierarchy of air-trapping features, natural keratinous systems are still some of 

the most superb thermal insulators. The popular and unsurpassed down jackets use feathers. As a 

result, researchers have tried to recreate these natural insulators' configurations in engineered 

materials to harness their desirable thermal capabilities.     
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Some organisms, like polar bears and penguins, can thrive in the most extreme conditions 

on earth due to their keratinous thermal protection [280,281]. Polar bear hairs consist of a hollow 

porous interior that provides superior thermal properties surrounded by a shell of aligned fibers, 

which supplies mechanical stability. SEM images of these hairs are shown in Figure 4.15A. 

Individual hairs are approximately 200 micrometers in diameter, while the interior pores measure 

15-20 micrometers across. The length scale of these pores is significant because it allows the hairs 

to trap substantial amounts of air, providing a thermal buffer between the bear's living tissue and 

the surrounding arctic temperatures that can reach as low as -45o C.  

Since 3D printing cannot manufacture architectures on the scale of micrometers, Cui et al. 

(2018) used freeze spinning to create bioinspired synthetic fibers that could mimic the polar bear 

hair. This process is similar to freeze-casting in that it harnesses directional ice crystal growth to 

create a porous lamellar structure within an aqueous solution. However, freeze spinning performs 

this technique within a stable, extruded liquid wire. Once the wire is frozen, the material is freeze-

dried to preserve the intricate microstructure formed by the ice crystals, and the completed porous 

fiber can be woven into a textile [268]. This process is visualized in Figure 4.15B.  
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Figure 4.15 Polar bears can survive in some of the harshest environments on earth, largely due to 

their warm fur. Bioinspired models based on porous hairs have been fabricated to harness the 

remarkable thermal properties exhibited by polar bear hair. A) SEM images of polar bear hair 

radial (left) and longitudinal (right) cross-sections. B) Design set up for freeze spinning system 

used to fabricate bioinspired polar bear hairs fibers. C) SEM images of bioinspired hair cross-

sections fabricated at different temperatures. D.) Plot of average pore size vs. fiber strength in the 

bioinspired fibers. E.) Plot of difference in heat between the top of fibers and bottom of fibers 

with varying average pore size when placed on a heated stage over a range of temperatures (-20 
oC - 80 oC). Reproduced with permission [268]. Copyright 2018, WILEY-VCH Verlag GmbH & 

Co. KGaA. 

As with freeze-casting, numerous parameters can be adjusted to control the production, 

such as solution viscosity, extrusion speed, and freezing temperature. For the latter, Cui et al. 

(2018) found that the temperature at which the ice crystals are formed can be used to control the 

pore size and orientation in the fiber, as shown in Figure 4.15C. As the temperature is lowered 

from -40 Co to -196 Co, more ice crystals are formed, but the freezing process occurs quickly, 

giving the crystals less time to propagate through the solution. The result is more pores that are 

smaller. When the fiber is frozen in liquid nitrogen, a random porous network is produced, but 

when crystals are formed at higher temperatures, the pores align in the crystal growth direction. 

The pores’ alignment and size have a significant effect on the fibers' tensile properties, as seen in 
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Figure 4.15D. Aligned pores provide better strength and elongation than a random porous network 

[268]. 

In comparison, fibers with larger pores tended to have higher strength but lower average 

elongation than fibers with smaller pores.  Smaller pores, however, provide better thermal 

properties. This behavior was determined by heating fibers with different pore sizes on a stage and 

measuring the temperature on fibers’ surfaces using IR images. These results are summarized in 

Figure 4.15E. This biomimetic material also showed promising results for thermal cloaking and, 

when embedded with carbon nanotubes, electro heating [268]. 

Feathers are among the most ubiquitous materials used as thermal insulators due to their 

extreme lightweight and durability.  Different types of feathers are distinguished by their structure 

and location on the bird: contour (body feathers) and plume (down feathers). Down feathers are 

primarily responsible for thermal insulation, which is attributed to their hierarchical foam-based 

structure creating large surface areas for trapping heat. Some academics have posited that 

Eiderdown, in particular, is the most thermally insulating natural material in the world [282]. Down 

benefits from an impressive strength-to-weight ratio [267,283], compressibility [284], and 

compression recovery [285], making it invaluable as bodily insulation in extreme environments. 

The first use of down jackets was seen in expeditions to Mount Everest in 1922 and by 1933 in 

down sleeping bags, which have become a staple of mountaineering in the harshest of climates. 

While this application of keratinous tissue is hardly bioinspiration, a discussion of keratin’s 

multifunctionality would be incomplete if it did not mention the pervasiveness of feathers in a vast 

range of textiles from common bedding to elite sub-zero clothing [286]. Even before down became 

popular, other keratin sources such as wool and animal fur have played a dominant role in the 

human race’s ability to inhabit some of the coldest regions on earth.  
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One of the driving enterprises of the industrial revolution was the production of textiles. 

With such vast commercial implications, research on manufacturing cheap, synthetic fabrics with 

properties similar to wool and fur has been evolving for centuries. Modern clothing is often a mix 

of natural materials such as wool or cotton and synthetic fibers like polyester. In some cases, 

natural fibers have been replaced entirely. Examples include synthetic cashmere, which is usually 

a combination of rayon, nylon, and polyester, and fleece, typically composed of PET. Ultimately, 

many of our modern textiles are bioinspired materials that are attempting to replicate the success 

of traditional but expensive, labor-intensive keratinous systems.  

In summary, keratinous materials’ thermal insulation revolves around hierarchical surface 

texture or internal pores that are meant to trap air pockets and create a buffer between the animal 

and its surroundings. Efforts to recreate these structures using synthetic materials have been quite 

successful, highlighting that this is a fruitful area of study. 

4.2.3 Reversible Adhesion 

 Reversible or non-destructive adhesion allows for repeated attachment and detachment 

cycles that do not damage the substrate. Nature employs a variety of reversible adhesive strategies: 

mechanical interlocking, friction, chemical bonding, dry adhesion (i.e., van der Waals), wet 

adhesion (i.e., capillary), and suction (i.e., pressure differential). Often, organisms will use a 

combination of the above attachment methods to adhere to surfaces successfully. These processes 

are strongly dependent on the environment (predominantly wet vs. dry and smooth vs. rough). 

Mechanical interlocking, friction, dry adhesion, and wet adhesion are strongly dependent on 

having nanostructured surfaces. The hierarchical nature of keratin lends itself well to forming 

nanostructured and intricate designs.  While the field of reversible adhesion is extensive [287,288], 

our focus here is on materials inspired by keratin-based systems to highlight the diverse 
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functionality that keratin offers. We will focus on the mechanical attachment found in the feather 

vane and dry adhesion found in gecko setae and their respective bioinspired designs. Claws and 

talons use a more conventional design principle, a relatively large hook, and will not be treated 

here.  

The feather vane is directionally permeable, which effectively helps it capture air for lift 

[289,290]. This mechanism is controlled by the branching barbs’ geometry and stiffness and 

interconnecting barbule network, which ultimately forms the feather vane [289,290]. Barbs, which 

branch from the rachis, are further branched into barbules. The barbules have hooklets (hamuli) 

on their extremities, which fit into the neighboring barb’s groove, creating a highly ordered lattice 

of interconnected adjacent barbs (Figure 4.16A). Having multiple hooklets increases both the 

adhesion and the probability that two neighboring barbs will stay connected. The interconnected 

network of the feather vane, provided by this adhesive mechanism between the barbs and barbules, 

is credited as the essential element that allows birds to achieve flight [290].  
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Figure 4.16 Progression of bioinspired designs based on the attachment mechanism found in the 

feather vane. A) SEM micrograph of the feather vane showing a branched network of barbs, 

barbules, and hooklets. B) First hook and groove-inspired sample. C) Modified hook and groove 

structure with a closer match in stiffness to the actual feather vane. D) Advanced replication of 

the feather vane to incorporate membrane flaps for directional permeability. E) The first groove-

only unidirectional sliding structure. F) Two-dimensional sliding structure, which shows textile-

like behavior. G) Cubic sliding structure which provides tailored stiffness in three dimensions. 

Adapted with permission [291]. Copyright 2019, Elsevier. 
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Several 3D printed bioinspired designs based on the reversible adhesive mechanism of the 

feather vane have been developed by Sullivan et al (2019). These 3D printed structures not only 

serve to understand better the mechanisms operating in the feather but extend beyond the scope of 

the intended function in nature to suggest innovative solutions for deployable structures, next-

generation chainmail, and smart foams. The initial interlocking barbule bioinspired design was 

intended to mimic the attachment mechanism by scaling the dimensions to an appropriate size for 

3D printing and mechanical testing. The first design in Figure 4.16B helped demonstrate the 

feather vane’s adherence through hooks and grooves that slide along each other. This feature is 

similar to the mechanism found in Velcro but is more organized and directional. While the first 

design served as a simplified model, the 3D printed material used was much stiffer than the feather 

vane. It did not accurately mimic the feather vane’s elasticity and ability to re-adhere. The second 

model attempted to reduce the elastic mismatch by printing with a more flexible material which 

helped to elucidate how the material properties and the hook’s geometry can enable sufficient 

adhesion that is damage-tolerant and can re-adhere readily (Figure 4.16C). Development of 

subsequent designs based on the barb and barbule interaction further increased in complexity to 

represent the feather vane with the inclusion of flaps that act as one-way valves (Figure 4.16D). 

These models suggest that two existing modes allow for tailored air permeability: (1) membrane 

flaps allow air to flow through space between barbules dorsally but not ventrally, and (2) the 

sliding of hooks along the grooves offers expansion within the feather vane (when hooks are closer 

to the base of the groove the vane is tighter, i.e., less permeable than when the hooks are at the tip 

of the groove).  The purpose of this effort was to offer a simplified visualization of the complex 

nature of reversible adhesion and directional permeability in the feather vane [291].  



 

135 
 

The subsequent iterations of designs expanded beyond just mimicking the feather vane by 

extracting fundamental design principles to optimize the interplay of tailorable, expansive 

materials. The ideas involved removing the hooks, which were shown to be the weakest point of 

adhesion from previous designs (Figure 4.16 A-D), and creating an exclusively grooved-based 

structure that had stoppers at the end to prevent complete detachment (Figure 4.16E). In the first 

groove-based structure, sliding was only able to occur in one direction. In this direction, sliding 

enabled an increase in flexibility while the perpendicular direction remained rigid. The design was 

further altered to allow sliding in both directions, which led to textile-like behavior when stretched 

open (Figure 4.16F). Finally, a cubic structure was developed, which allowed for sliding and 

manipulating the modulus in all three dimensions (Figure 4.16G). This progression in development 

highlights the importance of bioinspired design as a creative process reaching beyond the 

limitation imposed on nature to develop innovative materials.   

 The gecko setae are a most striking example of reversible adhesion in nature. Over the past 

two decades, these keratinous nanopillars have stirred up a tremendous amount of scientific 

interest, leading to the publication of hundreds of research papers and enough articles to be the 

topic of their own review [292–299]. However, interest in the gecko stretches back through the 

past century.  Piquantly, geckos' mysterious ability to climb vertical walls and even to hang upside 

down on ceilings was correctly interpreted in 1902 by Franz Weitlaner [300]. Since then, great 

strides in bioinspiration have come with vast amounts of research, and many groups have 

succeeded in making reversible dry adhesives based on the gecko setae structure. Here, we will 

only broadly cover this burgeoning area of study. 

The gecko’s adhesive pads utilize van der Waals forces and, to a lesser extent, capillary 

forces generated by the hierarchical broom-like geometry of setal arrays [298,299]. The setae 
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found on the gecko adhesive pad are arranged on lamellae and branch into hundreds of individual 

spatula-shaped tips (typically referred to as spatulae), as shown in Figure 4.17A. Van der Waals 

forces require extremely close contact (<10 nm) to generate a significant force, and this is 

accomplished by the flexible, branched nanostructure of the gecko pad. As the setae divide into 

smaller subdivisions with higher aspect ratios, their effective elastic modulus decreases, allowing 

them to conform easily to smooth and rough surfaces [299]. In the aggregate, the spatulae generate 

significant adhesive forces in the normal direction and frictional forces in the lateral direction, both 

of which are vital to the locomotion of the gecko [296]. Further, these fine subdivisions have the 

added benefit of confining crack propagation if a single seta begins to fail [298].  
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Figure 4.17 Geckos use van der Waals forces generated by densely packed setal arrays on the 

feet to climb even the sheerest surfaces. Many researchers have attempted to replicate this 

structure to create reversible, dry adhesives. A) SEM image of the branched gecko setal array. 

The inset image shows the split-fiber endings with tilted, spatula-shaped tips [301]. B) SEM 

image of synthetic gecko-inspired adhesive composed of polymer micropillars with densely 

packed carbon nanotubes glued to the end. Open Access [301]. Copyright 2013, the authors. C) 

SEM image of bioinspired, tilted micropillars composed of polyurethane that mimic the gecko 

setae’s directional gripping strength. Reproduced with permission [302]. Copyright 2009, Wiley‐

VCH Verlag GmbH & Co. KGaA. D) SEM images of three hierarchical tiers of mushroom-

shaped pillars composed of polyurethane that mimic the hierarchical branched structure found in 

the gecko pad. Reproduced with permission [303]. Copyright 2009, American Chemical Society.  
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There are several additional characteristics of the gecko pad that make them particularly 

alluring to researchers. One of the gecko pad’s most enticing features is its controllable and 

reversible adhesion, allowing it to be reused and not leaving behind any residue on the locomotive 

surface. The setal spatula-shaped tips attach to a surface when the gecko pulls its toes downward 

and inward, creating a small pulling angle between the setae and the surface. To detach from a 

substrate, the gecko pushes its toes upward and outward; this has the dual effect of increasing the 

pulling angle past the critical detachment angle (~30o), and squeezing the setae increases their 

effective elastic modulus and decreases their conformability to the surface [298,299,304]. This 

process can be actualized in a matter of milliseconds allowing for rapid, reversible adhesion. Other 

unique properties provided by the branched setal arrangements include self-cleaning 

characteristics and adhesion in challenging environments like underwater and on surfaces with 

different polarity and roughness [297,299].  

Several research groups have hypothesized that the self-clean capabilities of the gecko-pad 

arise directly from the nanostructure of the setal configurations. Hansen and Autumn (2005) 

suggest that the primary reason for self-cleaning is the energetic disequilibrium between the 

substrate and the setae, but state that other factors like locomotion, particle rolling, and particles 

wedging between the setae could play a role [305]. Follow-up studies have confirmed that each of 

these mechanisms improve self-cleaning [306,307], particularly when particles bond more 

strongly to the setae than the substrate. Xu et al. (2015) postulated that the dynamic motion of 

gecko toes (referred to as digital hyperextension) allows geckos to tune the pull-off velocity of the 

setal arrays [308]. Since the adhesive force between dirt particles and the substrate is velocity-

dependent, and the force between particles and the setae is largely velocity-independent, increasing 

the pull-off rate can dislodge bonded particles from the surface of the toe pads. This velocity-
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controlled self-cleaning technique was applied to synthetic biomimetic materials with great 

success, achieving an ~80% chance of particle detachment at high velocities (>1000  μm s−1) 

compared to the 0-40% chance of detachment beneath this threshold.  

Many different approaches [309] have been utilized to fabricate nanostructures capable of 

generating dry, reversible adhesion inspired by the gecko setae. These include soft lithography 

[310–312], injection molding [313–316], hot embossing [317], photolithography [318–322], 

plasma etching [321,323], electron beam lithography [324], carbon nanotubes (an example of 

which is shown in Figure 4.17B)[301,325–327], nanodrawing [328], micro/nanomolding [329–

332], dip-transferring [302,303], two-photon lithography [333], nanoimprint lithography [334], 

and many more. As research groups have aimed to mimic the gecko pad’s intricate structure more 

closely, the complexity of their fabrication processes has increased. Early techniques focused on 

only manufacturing a dense network of nanopillars. However, these studies showed that other 

design parameters need to be considered to truly capture the gecko pad's functionality.  

For example, the natural setae are tilted, which creates much larger shear forces in the 

gripping direction than in the non-gripping direction, effectively enhancing the gecko pad's 

reversible adhesion [296]. Figure 4.17C shows tilted polyurethane fibers fabricated via inclined 

exposure and dip coating to capture this parameter. Another essential variable for gecko-inspired 

adhesives is the shape of the tip of the nanofibers. Many different arrangements have been 

investigated, but mushroom-shaped tips have proven to be the most successful design [299].  

Del Campo et al. (2007) compared biomimetic arrays with various pillar shapes and found 

the mushroom configuration to have a pull-off strength 30 times that of cylindrical pillars [335]. 

Spatular tips provided an intermediate degree of adhesion, while concave tips and spherical tips 

were slightly better than flat cylindrical pillars. Spuskanyuk et al. (2008) hypothesized that part of 
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this larger adhesive force is due to the fact that mushroom-shaped tips are less adversely affected 

by edge defects than flat or cylindrical pillars [336]. Further, stress concentrations are reduced at 

the contact interface [298]. Several other papers [316,337–340] have examined the mushroom 

shape both experimentally and numerically and concluded that it is one of the best pillar designs 

for adhesion. Fleck et al. (2017) and Balijepalli et al. (2017,2016) considered fibril detachment as 

a crack propagating along the pillar-substrate interface and found that mushroom-shaped pillars 

reduce the corner stress intensity of the contact zone, thus reducing the likelihood of detachment 

[339] [338,340]. Review papers on the subject [293,294,296,298,299] have also noted several 

other benefits of the mushroom shape, including improved adhesion enhancement via contact 

splitting and increased crack trapping compared to flat cylinders.  

 Figure 4.17D shows a three-layered hierarchical arrangement of polyurethane fibers with 

mushroom-shaped tips. This arrangement was manufactured with soft-lithography and capillary 

molding. Fiber aspect ratio, fiber radius, hierarchical branching arrangements, and material 

selection are all important factors as well. Figure 4.17 shows some of the tradeoffs that come with 

different manufacturing processes. While the polyurethane tips in Figure 4.17D have controlled 

tip geometry, their aspect ratio and fiber density are much lower than that of the carbon nanotube 

tipped design in Figure 4.17B. Neither of these designs was able to incorporate the tilted structure 

shown in Figure 4.17C. The gecko pad’s ability to optimize all of these different parameters 

simultaneously provides just another example of why natural keratin can be so impressive relative 

to manufactured materials and how there is so much for engineers to learn from nature.  

The applications for gecko-inspired, dry, reversible adhesives are seemingly endless. One 

of the most popular uses of this emerging technology is soft robotics [341]. The reversible dry 

adhesion is ideal for (unsurprisingly) climbing and gripping. It has been utilized for numerous 
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commercial devices (like Onrobot’s soft gripper and GECOMER’s pick-and-place robotic 

systems) as well as countless academic pursuits [342,343,352–355,344–351]. Furthermore, several 

products utilizing adhesive materials based on the gecko pad are now commercially available from 

Geckskin, nanoGriptech, and Gottlieb Binder GmbH.  

 By way of their tunable and hierarchical structure, keratinous materials have evolved 

diverse methods to achieve reversible adhesion. In the feather, this is accomplished through the 

mechanical interlocking of hook-shaped barbs and barbules, while the gecko pad adheres to 

surfaces with van der Waals forces generated by its branched setal arrangement. These features 

have been translated to scaled up to macroscopic engineered systems (as in the feather-inspired 

3D prints) and biomimetic nano and microscale structures (for the gecko setae).  

4.2.4 Lightweight Structures 

 In engineering applications, sandwich structures are used for their ultra-lightweight, energy 

absorption capabilities, and comparable mechanical strength relative to bulk materials.  Sandwich 

structures can be tailored by controlling the properties of the face (outer cortex) and core (foamy 

center) and their geometry. Typically, sandwich structures are constructed with a high modulus 

face and a low modulus core to achieve a lightweight yet stiff material with rectangular cross-

sections. Sandwich structures are not limited to engineered materials and are found in abundance 

in keratin-based systems, including beaks [101], feathers [265,356], quills [251], baleen [243], and 

spines. Unlike engineered materials, the faces and core of biological materials are frequently made 

of the same material but occur in distinct phases: the face being more compact while the core is 

more porous. Here, we will review how the lightweight yet mechanically robust, keratin-based 

sandwich structures implemented in porcupine quills and hedgehog spines serve as the basis of 

lightweight bioinspired designs. While sandwich structures are not limited to keratinous materials, 
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its prevalence highlights the structural and functional diversity found in keratin systems that lend 

themselves to developing bioinspired structures.    

The porcupine quill is composed of α-keratin and is a lightweight yet buckling-resistant 

structure that undergoes significant compressive and flexural loads during its service as a 

protective mechanism. The sandwich structure of the porcupine quill consists of a thin-walled 

cylindrical cortex enclosing a closed-cell foam. Some porcupine quills contain an additional 

structural element that reinforces the foamy center, which is referred to as a stiffener. The stiffeners 

have been found to increase the compressive strength and buckling resistance of porcupine quills 

[251]. Inspired by the stiffeners present in the porcupine quill, Tee et al. (2021) developed several 

3D-printed cylinders with varying infill structures from uniform to non-uniform designs to mimic 

the radial structures found in the porcupine quill. However, mechanical testing was not performed, 

and little information is known on the degree of reinforcement the stiffeners provide and how their 

structure can be tailored [357].  

Hedgehog spines are similarly structured to porcupine quills and contain reinforcing 

stiffeners, further classified as longitudinal stringers and transverse plates [358,359]. Despite their 

structural similarities, porcupine and hedgehog spines serve different functions. Hedgehog spines 

are adhered to within the skin and are primarily used as shock absorbers upon falling from great 

heights, while porcupine quills can readily detach from the body and serve as a defensive 

mechanism. Due to their high stiffness and capabilities for impact resistance, hedgehog spines are 

a suitable inspiration for developing lightweight yet mechanically robust bioinspired designs.  

Drol et al. (2019), using  X-ray microcomputed tomography, were able to capture the key 

internal structural design elements found in hedgehog spines, which were then used to create 

computational model abstractions in ABAQUS and compared to analytical models to better 
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understand the role that stringers and plates play in the spine’s flexural performance. Ten models 

with increasing complexity were generated. The most basic level is a simple hollow cylinder (level 

1) and builds up to most realistically represent the spine (level 10) with a complex arrangement of 

longitudinal stringers and periodically arranged branched transverse plates. The beam models were 

subjected to 3-point bending with a displacement-controlled boundary condition in which the 

bending stresses, the normalized bending stresses, and the Von Mises stress contours were 

quantified. The hollow tube, the simplest case, is reported to have the highest specific stiffness; 

however, the lack of stiffeners limits its ability to reduce buckling. The model with the next highest 

effective stiffness is model 10, the most complicated and representative model of the spine. Model 

10 contains longitudinal stringers and branched transverse plates with the smallest spacing 

between the central plates and the longitudinal stringers and a more accurate curvature connection 

between the stringers instead of a blocked fillet. The build-in model 10 allows for removing 

material while maintaining stiffness, creating a lightweight yet stiff structure. The longitudinal 

stringers aid in increasing the bending stiffness by localizing material further away from the central 

axis, which effectively increases the second area moment. The transverse plates provide 

reinforcement and help distribute the applied load evenly, minimizing buckling and localized 

failure. Furthermore, this study provides insight into how the structural organization of keratin-

based materials, such as the hedgehog spines, can be directly translated to synthetic designs to 

develop tailored stiff and lightweight structures. This study’s findings have even inspired the 

development of novel football helmet liners to help reduce traumatic brain injuries. This example 

illustrates how bioinspired designs stimulate innovation [360].  

The feather shaft is another example of how keratin can be used to achieve a lightweight 

yet mechanically robust structure that is able to withstand aerodynamic loads during flight. This 
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behavior is primarily attributed to the sandwich structure of the feather shaft. The feather shaft is 

composed of an outer shell of compact keratin that surrounds a medullary center made of foamy 

keratin. Liu et al. (2015a) investigated the hierarchical structure and mechanical properties of the 

peacock tail feather shaft under tension and compression. They determined that the presence of the 

foam center enhanced failure resistance by delaying splitting and buckling of the cortex shell and 

exhibits overall improved compressive stability [356]. While there has been a significant amount 

of work dedicated to understanding the structure and mechanical properties of the feather shaft, 

there have been limited attempts towards the development of bioinspired sandwich structures 

based on the feather shaft. We suggest that this is an area of study for future work.   

 Many keratinous materials manage to achieve good mechanical properties while limiting 

their mass. Often this is accomplished with a sandwich structure consisting of foam surrounded by 

a stiff exterior face. Since low density is a highly coveted trait in engineered materials, these natural 

keratinous systems have served as the basis for bioinspired designs aimed to capture high strength 

to weight ratios.  

4.2.5 Structural color  

Besides the outstanding mechanical, lightweight, and thermal properties of avian feathers, 

these keratinous materials are also known to display a diverse range of vibrant colors. This property 

is in part due to structural coloration, which arises from the interactions of light with a submicron 

array of varying morphologies which include multilayer structures (as seen in the iridescent throat 

patch of the hummingbird)[361], two-dimensional photonic crystals (as seen in the peacock feather 

and the mallard) [362–365], or spinodal-like channel structures [366] (as seen in the Eurasian Jay 

Garrulus glandarius). These nanostructures self-assemble and can occur as a multi-layered 

structure of β-keratin and a pigment-based protein (e.g., melanin, carotenoids), as shown in Figure 
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4.18A. The combination of structural color from the sub-micron array of keratin and the absorption 

from the pigment is referred to as color mixing. β-keratin has a low refractive index (~1.5), but 

when implemented in a multi-layer structure, it allows for high reflectance and vivid coloration 

[367]. The presence of pigments strongly contributes to the vibrant coloration due to their high 

refractive indices and broad absorption spanning the UV-visible range. Structural color in avian 

feathers can occur as iridescent or non-iridescent and is strongly dependent on the underlying 

structure and organization. Typically, long-range order is responsible for producing iridescence, 

while short-range order is non-iridescent [368]. Thus, structural color in avian feathers is highly 

tunable and thus a desirable candidate for bioinspiration.  
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Figure 4.18 Structural color found in avian feathers and bioinspired analogs. A) Violet-backed 

starling and TEM micrograph of the multi-layered structure of hollo melanosomes and a thin 

film of keratin. B) Structural color produced by SMNPs. C) Micrograph detailing the 

arrangement of SMNPs as a thin film. Adapted with permission [369]. Copyright 2015, 

American Chemical Society.  
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Despite the vast arrangement of keratin in combination with pigmentation and the 

subsequent multitude of colors with varying optical properties (iridescent vs. non-iridescent) found 

in bird feathers, there have been limited ventures at bioinspiration. The most prevalent study that 

draws inspiration from feathers is the development of structural color produced by self-assembly 

of synthetic melanin nanoparticles (SMNPs) inspired by the assembled melanosomes in avian 

feathers [369]. Xiao et al. (2015) used a vertical evaporation-based self-assembly method to 

develop thin films of SMNPs with a wide range of colors (red, orange, yellow, and green) (Figure 

4.18 B,C). The coloration produced is attributed to the thickness of the thin film which can be 

controlled by the concentration and evaporation rate. Additionally, the morphology of the SMNPs 

influences the packing, and, therefore, the film thickness and coloration produced. In avian 

feathers, there exists a diverse range of melanosome geometries from spherical to oblong and 

hollow to filled. These morphologies can additionally tune the coloration produced, which is an 

exciting avenue for future work. The SMNPs have a broad absorption spectrum (high absorption 

at short wavelength and low absorption at long wavelengths) and a relatively high refractive index 

(~1.4-1.6 at 589 nm) which was found to be responsible for the enhanced color saturation and 

purity. In addition to the desirable optical properties, SMNPs are biodegradable and inherently 

biocompatible, making them suitable candidates for various applications [369].    

Structural coloration is not limited in nature to keratinous materials and is additionally 

found in chitin-based materials such as the morpho butterfly and the exoskeletons of beetles [370]. 

These chitin-based systems have been extensively studied and have led to the development of 

numerous bioinspired structural colors [371–373]. Despite their lack of prevalence in bioinspired 

structural colors, there are still many opportunities awaiting to be explored in the field of avian 
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feathers. This highlights the importance of keratinous structural colors found in avian feathers and 

the vast potentials for these systems to serve as bioinspired candidates.  

4.2.6 Hydrophobic surfaces 

Hydrophobic surfaces are essential in both the engineering and the biological world.  As 

such, researchers have been attracted to how living creatures can repel water by manipulating the 

contact angle of water droplets on their surfaces. Certain organisms, like ducks, excrete 

hydrophobic oils that can be spread on the surfaces of their feathers to repel water. Others, like the 

famous lotus flower, utilize nanoscale roughness to decrease the contact area of water droplets on 

their surface, with the two-fold benefit of keeping the organism dry while cleaning dirt and debris 

of the substrate as water droplets runoff.  This phenomenon, dubbed the “lotus effect,” has been 

observed in several keratinous systems as well, which is particularly intriguing because keratin 

itself is very water absorbent. It should be noted that, in nature, several hydrophobic strategies are 

often utilized in tandem. The duck feather, for example, also has significant surface roughness, 

which helps to repel water along with the oil excreted by its uropygial gland, while the lotus leaf’s 

nanostructure is covered by a thin, hydrophobic wax film that helps prevent water from penetrating 

the epidermis.  Thus, researchers have attempted to imitate the surface features found on 

hydrophobic keratinous systems to create synthetic, water-repellent materials.  

Penguin feathers have not only superior thermal insulating properties but also remarkable 

anti-icing properties. Despite spending a significant amount of time in freezing temperatures and 

swimming underwater, ice crystals are not typically observed on penguins’ feathers. The secret to 

the ice-phobicity of penguin feathers is in its rough micro and nanostructure, which traps air in 

grooves, preventing supercooled water droplets from adhering and coalescing. A schematic of this 

water repulsion mechanism can be seen in Figure 4.19A. This trapped air is also postulated to 
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provide a thermal barrier that reduces ice adhesion strength and heat transfer during icing. On the 

surface of the barbules and hamuli are grooves that are about 100 nanometers deep. These grooves 

are responsible for the surface roughness that creates the air pockets shown in Figure 4.19A [374]. 

Inspired by the penguin feather, Wang et al. (2016) used asymmetric electrode 

electrospinning to weave an anti-icing polyamide nanofiber membrane, as shown in Figure 4.19B 

[374]. The radially arranged fibers mimic the barb tips' structure, while other fibers randomly 

overlap this arrangement, creating a regular 3D network similar to that found in the feather. The 

fibers are densely packed near the triangular electrode compared to the fibers near the curved 

electrode, as shown in Figure 4.19 b1, b2, and b3. This fiber arrangement creates a gradient in the 

chemical surface structure. In the region of densely packed fibers, the static contact angle of water 

droplets was ~154o with a low adhesion force of ~37 μN. In this region, droplets struggled to 

permeate the tightly bound membrane. The few droplets that were able to adhere to the fibers 

coalesced with other droplets and resulted in self-propelled jumping, i.e., the droplets fell off the 

membrane naturally before freezing. As the distance between the fibers increases, more droplets 

were able to penetrate the membrane.  The static contact angle and adhesion force of the water 

droplets were measured at 105.1o and 102μN, respectively. Figure 4.19C shows the gradual change 

in these values through the membrane’s radius. Droplet coalescence and jumping did not occur 

when the fibers' distance was greater than the diameter of droplets. After 3-4 hours at -5oC, some 

frost and ice were found on the less densely packed fibers but not in the densely packed fibrous 

network. This result shows that by tuning the density of the overlapping nanofiber network, anti-

icing properties similar to those found in keratinous penguin feathers can be achieved.  
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Figure 4.19 The multiscale surface roughness and fine nanoscaled grooves on feathers help them 

repel water. A) Schematic showing how the hamuli on penguin feathers trap air beneath water 

droplets creating an air cushion and minimizing the amount of material in contact with the water. 

B) Bioinspired polyamide nanofiber membrane fabricated via asymmetric electrode 

electrospinning. C) Chart of contact angle and adhesive force versus location on the polyamide 

membrane highlighting the effect of fiber density. Reproduced with permission [374]. Copyright 

2016, American Chemical Society D) SEM image of cotton fiber with precipitated chitosan 

nanoribbons on the surface inspired by duck feathers. E) SEM image of polyester fibers with 

precipitated chitosan “nanoflowers” on the surface. Reproduced with permission [271]. 

Copyright 2008, IOP Publishing Ltd. 

 Waterfowl, ducks in particular, are so famous for their anti-wetting capabilities that the 

phrase “like water off a duck’s back” has worked its way into our everyday lexicon. Until recently, 

it was generally thought that this extraordinary hydrophobicity arose from the low surface energy 

of preening oil excreted from glands at the base of their tail and spread over the feathers. However, 

recent studies [375] of preening oil on smooth surfaces have revealed that it is not that special after 

all and is less hydrophobic than several synthetic resins and oils. The feather’s structure, coupled 

with preening oil, makes water run off of a duck’s back so efficiently.  Like penguin feathers, duck 
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feathers have multiscale textures, with the same branched structure and micro-sized surface 

features covered with nanoscale grooves and protuberances. Liu et al. (2008) mimicked this 

structure by precipitating chitosan nanostructures on the surface of textile microfibers. They did 

so by dip-coating fibers in an acidic solution containing chitosan before placing them in an 

ammonia gas environment. The ammonia is absorbed by the film, making the solution basic and 

causing the cationic polyelectrolyte chitosan to precipitate in nanofeatures on the textile substrate’s 

surface. On cotton fibers, the chitosan formed long ribbons (Figure 4.19D), while on polyester 

fibers, the chitosan shrank down to nanosized flower shapes (Figure 4.17E). The result is a 

hierarchical arrangement of surface irregularities where the fibers themselves compose the 

microscale roughness, while the chitosan precipitates form the nano roughness. Once the fibers are 

dried, they are treated with polysiloxane to lower the fibers’ surface energy (similar to the preening 

oil found on natural duck feathers). With just the polysiloxane treatment, the contact angle of a 

water droplet was 118o for cotton and 100o for polyester. When combined with the chitosan surface 

roughness, these values rose to 152o and 148o, respectively, showing how the combination of a 

low surface energy film and surface roughness, similar to feathers, can lead to the development of 

superhydrophobic materials [271].  

The oberhautchen (thin outer layer) of many lizard and gecko skins is composed of β-

keratin. Many geckos also have tiny keratin spinules upon this outer layer that serve to repel water 

and disrupt bacterial growth. Figure 4.20A (i-iii) shows images of the scales of Strophurus 

williamsi, a species of arboreal geckos found in Australia. Generally, these spinules are 0.5-4 μm 

long packed closely together with over 400 spinules per 10 μm2. These spinules are mounted upon 

scales that have a honeycombed-shaped basal layer composed of intersecting ribs. The static 

contact angle of water droplets was similar to that of feathers, ranging between 151-155o. 
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Interestingly, gecko skin accomplishes such impressive superhydrophobicity from its spinule 

density rather than finer roughness structuring like the channels found on insect hairs or the hamuli 

in penguin feathers. These hairs not only prevent water from building up on the skin of the gecko 

but also allow the skin to clean itself, removing harmful bacteria and contaminants as droplets 

coalesce and run off the gecko with even the slightest tilt or perturbation [270].  

Green et al. (2017) developed a benchtop biotemplating apparatus to fabricate synthetic 

replicas of gecko skin spinules with comparable hydrophobicity to emulate their antibacterial 

properties. To do so, negative molds were generated by coating shed gecko skin, which was 

adhered to a glass slide by a thin layer of water, with commercially available PVS. The water also 

served to inflate the spinules to mimic their natural state better. This negative mold was then used 

to fabricate gecko skin replicas from several different polymer solutions targeted towards various 

applications. These included a synthetic polystyrene solution and natural biopolymer solutions of 

chitosan, silk fibroin, fused bilayers of chitosan and alginate polysaccharides, and blended α-

keratin hair extract [376].  

Each solution was successfully used to form a replica of the gecko skin nanostructure; 

several images of the natural shed gecko skin compared with the polystyrene replica are shown in 

Figure 4.20A (iv-vi). Some of the solutions were able to more closely mimic the gecko spinules' 

dimensions, as visualized in Figure 4.20B. The curing process had a significant effect on the ability 

of each solution to closely resemble the geometry of the natural gecko spinules. For example, the 

polystyrene solution hardens slowly due to organic solvent evaporation, which resulted in stiffer 

spinules with less curvature. The metrics for measuring curvature in the spinules are shown by 

images “d” and “e” in Figure 4.20B. The chitosan-based replicas, on the other hand, closely 

mirrored the curvature of the nano tip, as well as the thickness and height of the natural spinules. 
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The biomimetic samples were only slightly less hydrophobic than the natural gecko skin obtaining 

a contact angle of about 134o. The synthetic spinule arrays also revealed notable anti-bacterial 

properties. Confocal microscopy showed that the spinules effectively disrupted bacterial cultures 

grown on the replicas removing as much as 95% of bacteria from the surface after water treatment. 

Vucko et al. (2008) developed a similar procedure using epoxy molds of live geckos to observe 

their oberhautchen without needing to kill and prepare them for SEM examination. This approach 

is highly applicable to other organisms and other research fields since it can be non-destructively 

performed on living creatures while generating finely detailed replicas for observation or 

functional use [377]. 
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Figure 4.20 Much like the gecko pad, the outer layer of skin on the gecko has hydrophobic, self-

cleaning properties due to its rough mesostructure, which researchers have attempted to replicate. 

A) SEM images of natural gecko skin (i-iii) alongside SEM images of biomimetic polystyrene 

replicas made via biotemplating (iv-vi). B) Close-up SEM images of gecko spinules and the 

different measurements used to characterize them (left). Various biomimetic replicas, like the 

ones shown in A iv-vi, were prepared using several polymer solutions. The resultant spinule 

shapes are visualized (right) and compared to the natural spinules found on the gecko. Open 

access [376]. Copyright 2017, the authors. 
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Many keratinous materials that provide thermal insulation also protect organisms from 

getting wet because significant surface roughness benefits both areas. In the case of 

hydrophobicity, this roughness comes in many forms in nature, such as hamuli, nano grooves, or 

spinules, but all have the objective of reducing the area in contact with water droplets allowing 

them to run off the surface efficiently. Like research on thermal insulation and reversible adhesion, 

studies on bioinspired surface roughness to achieve anti-wetting properties have shown great 

success and are a promising research area for bioinspiration.  

4.3 Keratin as a Material for Engineered Systems  

So far, we have seen how keratinous structures provide beneficial properties that can be 

used to inspire engineered designs. However, keratin itself has often been utilized as a material for 

various applications due to its unique intrinsic properties. Over the past few decades, many 

researchers have explored how to connect different technologies such as materials science, applied 

health sciences, and engineering. This section will discuss possibilities to use keratin for 

applications in the: i) biomedical, ii) composite, and iii) reversible material realms. 

Historically, keratin was one of the first polymers used by humans before the plastics 

revolution in the 20th century. Keratin extracted from tortoise shells has been used to craft fine 

components, like hairbrushes, for hundreds of years, while baleen from whales was famously used 

to make corsets [216,258]. Hair (typically human or horsehair) has also had versatile applications 

ranging from paintbrushes to the torsional springs used in ancient Greek and Roman artillery. 

Researchers have recently explored natural macromolecules as candidates to perform biochemical, 

mechanical, and structural roles due to their appealing properties.    
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Keratin can be extracted from various sources (typically wool, poultry feathers, or hair) 

using different extraction methods. Common extraction methods include oxidative and reductive 

extraction, steam explosion extraction, or ionic liquids and eutectic solvents [378,379]. Studies 

involving oxidative technologies and reductive extraction were initially applied to animal horns 

and hooves but were also used to extract keratin from wool and human hair.  Early studies on the 

properties of extracted keratin led to increased interest in exploring keratin for medical 

applications. Among the first innovations were keratin powders for cosmetics, fibers,  composites, 

and coatings for drugs [380–383]. 

4.3.1 Biomedical usage 

Recently there has been a significant increase in the number of biomedical studies related 

to using keratin-based biomaterials. This variety of applications includes bio-medicine, natural 

polymer flocculants, bioelectronics, bio lubricant formulations, and manufacturing bone scaffolds 

[384]. Keratin is widely used in biomedical applications due to its biocompatibility, lack of 

immune reaction upon transplant, good cellular interaction, and biodegradability [383,385]. 

Asia has taken the lead in keratin biomaterials research since the first medical application 

of pyrolyzed human hair by a Chinese herbalist dates from the 16th century [386]. In the modern 

age, scaffolds, hydrogels, powders, films, and fibers have been prepared, starting with early studies 

by Japanese scientists [387,388] in 1982 on vascular graft production with hemostatic properties. 

Researchers have also shown that keratin can be effectively used for peripheral nerve regeneration, 

drug delivery, hydrogel formation, and films that promote wound healing [383]. For medical 

applications, keratin has shown interesting characteristics, but its potential has not yet been fully 

explored.  For example, areas such as wound healing, bone regeneration, peripheral nerve repair, 

antimicrobial activity, hemostasis, and cell adhesion of amino acid sequences (due to the Arg-Gly-
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Asp and Leu-Asp-Val binding motifs) have led to increasing interest in keratin for medical 

applications. Though keratin-based biomaterials show wide promise, there can be significant costs 

associated with the extraction and processing of keratin and its post-processed mechanical 

characteristics. In 1983 and 1985, researchers from Japan and the UK, respectively, published 

papers speculating on the prospect of using keratin as the building block for new biomaterials 

[389,390]. 

Also, keratin biomaterials derived from wool and human hair have been shown to possess 

cell-binding motifs, such as leucine-aspartic acid-valine (LDV) and glutamic acid-aspartic acid-

serine (EDS) binding residues, which are capable of supporting cellular attachment. Together, 

these properties create a favorable three-dimensional matrix that allows for cellular infiltration, 

attachment, and proliferation. Thus, the conservation of biological activity within regenerated 

keratin biomaterials could prove advantageous for controlling specific biological functions in 

various tissue engineering applications [383]. 

Reconstituted biopolymers often suffer from inferior mechanical properties, which can 

pose a challenge for processing and limit applications. This is especially true for biomaterials made 

from extracted keratin fibers, despite the stellar mechanical properties found in natural keratinous 

materials. Thus, many studies have targeted keratin films, focusing on the physical strength and 

flexibility of the films while maintaining their excellent biological activity [383]. The addition of 

other biopolymers such as chitosan or silk-fibroin improves the mechanical properties of keratin. 

The chitosan-keratin films also had beneficial anti-microbial properties and proved to be suitable 

substrates for cell cultures [391–393]. For silk-fibroin and keratin films, studies have shown that 

the two molecules interact synergistically and provide unique properties not found in pure keratin 

or silk-fibroin films. For example, the polarity of keratin’s amino acids causes silk-fibroin to 
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rearrange from a random-coil to β-sheet configuration [394,395]. As a result of these unique 

interactions, the combined film is more biocompatible [396,397] and biodegradable [398] than its 

constituents.  

 Keratin has also been explored as a raw material for cell scaffolds and shows significant 

promise due to its ability to self-assemble into complex 3D shapes. A host of fabrication techniques 

from electrospinning [399], wet spinning [400], photomask micropatterning [400], and 

compression molding/particulate leaching [401] to freeze casting of aqueous keratin solutions 

[402,403] have been used to create keratin scaffolds. These scaffolds have many advantages, 

including a stable homogenous, interconnected, porous structure [402,403], free cysteine residues 

that can be used to bind bioactive substances to the scaffold surface [404,405], and resorbability 

[406] that make it a suitable material for tissue engineering and drug delivery 

[392,393,403,407,408].  These properties have also led to studies on keratin-based biomaterials 

for wound [392,399,409,410] and burn dressings [411]. 

Composite films of keratin and synthetic polymers have also been fabricated to create films 

with even better mechanical properties. For example, poly (diallyl dimethylammonium chloride) 

and poly (acrylic acid) were blended with keratin extracted from wool to fabricate thick films 

based on the principle of poly ionic complexation. This was accomplished using a layer-by-layer 

self-assembly method [412–414]. Keratin blends with poly(ethylene oxide) have also been 

explored for usage as scaffolds for cell growth, wound dressings, and drug delivery membranes, 

while keratin mixed with polyamide 6 has been envisaged as a practical material for biomedical 

devices, active water filtration, and textile fibers [415]. 

Keratin’s emerging role as a medical biomaterial revolves around many of the same aspects 

that make it a successful biological material. Its tunable properties and architecture make it viable 
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for numerous different applications, while its abundance and natural origin make it appealing to 

researchers as an economical, sustainable, and biocompatible material. However, it is limited by 

the mechanical weakness of reconstituted keratin and the lack of cheap and scalable extraction 

techniques [378]. 

4.3.2 Composites  

Composite materials have steadily grown in popularity over the past decades due to their 

lightweight yet mechanically robust properties. However, these synthetic materials are 

traditionally produced from petroleum-based plastics, which are increasingly expensive and 

environmentally harmful. Many researchers aim to tackle this problem with biodegradable, 

renewably sourced composites made of biopolymer matrixes and natural fibers. Knowledge of the 

properties of available biodegradable polymers and natural fibers is essential for manufacturing a 

biodegradable composite [416]. 

Polymers reinforced with natural fibers, commonly named “bio-composites,” have started 

to be used industrially in the automotive and building sectors as well as the consumer goods 

industry. Green composites are a specific class of bio-composites where a bio-based polymer 

matrix such as a biodegradable polyurethane is reinforced by natural fibers such as keratin [417–

419]. Väisänen et al. (2016) describe natural fiber-polymer composites (NFPCs) as renewable and 

sustainable materials since they are composed of natural fibers embedded in a polymer matrix 

which may also be of biological origin (e.g., polylactic acid, PLA) [420]. 

Recently, Conzanatti et al. (2013) reported on the valorization of keratin-based wastes, 

made of unserviceable poor quality raw wools from farm breeding, fiber byproducts from textile 

processing, and horns, nails, hair, and feathers from butchery. Zoccola et al. (2009) estimated that 

keratin wastes from breeding, butchery, and textile industry, made up of wool, hair, feathers, beaks, 
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hooves, horns, and nails, have been estimated worldwide to be more than 5,000,000 tons/year 

[421]. With an increasing demand for sustainable materials, these protein byproducts are beginning 

to be regarded as renewable resources worthy of better exploitation [422]. 

Extracted keratin has also gained popularity as a component for composite production as 

both a filler material and a fiber reinforcement. This interest is primarily driven by keratin’s 

availability and environmental benefits (biodegradable, renewable, leftovers from other products) 

on top of their beneficial properties.  

Donato et al. (2019) discussed the manufacturing of keratin-based composites with 

different polymers in detail [423]. To form efficient keratin-polymer composites, it is essential to 

have good adhesion between the fiber and polymer matrix. Since keratin fibers have numerous 

hydrophilic surfaces, this can lead to weak mechanical properties of the overall composite material. 

As a result, coupling agents are sometimes required to boost interfacial adhesion. For example, 

Song et al. (2017) used functionalized cellulose nanocrystals to crosslink keratin fiber while also 

serving as reinforcement. This interfacial treatment resulted in marked improvements in tensile 

strength, elongation to failure, and toughness of such a composite. Further, the incorporation of 

cellulose nanocrystals reduced the keratin’s water sensitivity which is a barrier for many in-vivo 

applications [424]. More approaches to coupling agents and keratin-polymer composites are 

discussed in detail by Shavandi and Ali [425]. 

As attractive as synthetic polymers are, their use is coming under scrutiny due to the 

realization that petroleum reserves are finite and that oil prices are likely to rise steadily over the 

next few decades. Furthermore, with global environmental awareness at an all-time high, synthetic 

polymers have lost some of their luster. The synthetic fiber industry as it currently exists will 

ultimately decline and be replaced by an industry based on renewable feedstocks [426]. Recent 
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works on the mechanical properties of fibers isolated from hagfish slime suggest that these unique 

fibers may one day be replicated in a way that is environmentally sustainable and economically 

viable. These ‘slime threads’ consist of bundles of 10 nm protein nanofibers known as intermediate 

filaments, which form part of the cytoskeleton in most animal cells [427,428]. Keten et al. (2010) 

explored the nanoconfinement of β-sheet crystals in silk as a means to control stiffness, strength, 

and toughness. This study highlighted another feature that makes β-sheet crystals an attractive 

model: they self-assemble from soluble precursors into 10 nm filaments in aqueous buffers [429]. 

The key to the high strength and toughness of spider silk and hagfish threads are the β-sheet 

crystallites that simultaneously crosslink the protein molecules and arrange them into a structure 

in which ‘sacrificial bonds’ increase the energy required to break the material [427,429,430]. 

Pourjavaheri et al. (2018) developed a bio-composite from chicken feather waste and 

thermoplastic polyurethane. This composite material was fabricated via solvent-casting 

evaporation at eight different compositions. The thermo-mechanical properties of the composites 

were assessed using thermogravimetry, dynamic mechanical analysis, and stress-strain 

measurements with hysteresis loops. The results showed that keratin derived from a current waste 

product from the poultry industry could effectively and cheaply provide the thermo-mechanical 

properties required of composite materials [431]. Similarly, Tran and Mututuvari (2016) developed 

composite materials made from keratin, cellulose, and chitosan combinations. They found that 

adding cellulose and chitosan improved the mechanical and thermal stability of the overall material 

but hindered the reformation of α-helices. Instead, when combined with these biopolymers, the 

keratin preferred the extended β-sheet morphology or amorphous configurations [432].   
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4.3.3 Reversible materials 

Another attractive characteristic of keratin as raw material is its mechanical reversibility.  

This reversibility can be found in keratin due to the transition from α-keratin helices to β-keratin 

sheets. This transition has been observed as a result of stress along the longitudinal axis of the α-

helix as well as heat absorption or from a combination of the two [433–437]. Recently, Cera et al. 

(2021) have captured this reversible process using hydration as a trigger to fabricate 3D-printed, 

hierarchical shape-memory materials out of keratin extracted from animal hairs. Impressively, this 

material had a tensile strength and Young’s modulus orders of magnitude higher than conventional 

water-triggered shape-memory materials [438].  

Fibrillar keratin was extracted from ground Angora wool using LiBr to induce a solid-

liquid phase transition of the crystalline keratin and DTT to cleave the disulfide bonds in the hair 

matrix at 90 Co. The product was then filtered, cooled, centrifuged, and separated to obtain 

concentrated fibrillar keratin quantities. This extraction process is shown in Figure 4.21A. When 

subject to shear stress and spatial constraint, the extracted keratin protofibrils self-organized into 

a nematic crystal phase. Adding NaH2PO4 to the extracted keratin allows for tighter control of the 

nematic phase by introducing a charge screening effect which causes the keratin fibrils to interact 

more. This process makes the crystalized proteins stiffen and pack closer together with more 

alignment. The result is a shear-thinning, viscous, keratinous solution that is ideal for extrusion 

processing and whose properties can be tuned via the NaH2PO4 concentration.  
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Figure 4.21 Advances in 3D printing technology have recently made printing different biological 

materials more feasible. Cera. et al. (2021) have recently utilized these advances to fabricate 

hydration-induced shape-memory components out of keratin. A) The keratin extraction process 

used to obtain printable, fibrillar keratin [438]. B) To obtain aligned fibrils, keratin fibers were 

fabricated using traditional wet-spinning. The resultant hierarchical structure is visualized here. 

C) Schematic of the atomic scale process for using water to lock and unlock the hydrogen bonds 

within α-helices or between the β-sheets. This mechanism endues the material with shape 

recovery properties. D) Images of the keratin printing process and final products (left); SEM 

image of the fine detail that can be obtained; birefringence images showing the alignment of the 

keratin fibers in the woven structure. E) Series of still images of the hydration-induced shape 

recovery of the printed samples composed of keratin, showing the prints returning to their initial 

form over a matter of seconds when submerged in water. Reproduced with permission [438]. 

Copyright 2020, the authors. 

To maximize uncoiling when loaded and to improve tensile strength and strain-to-failure, 

α-helices were aligned using traditional wet-spinning. Spun fibers were exposed to hydrogen 

peroxide to restore the disulfide network of the keratin. Figure 4.21B shows that the keratinous 

fibers (~10 micrometers in diameter) maintained a hierarchical structure, with a core composed of 

fibrils that are approximately 50 nm in width. When stretched in the wet state, the α-helices unwind 

A B

C
D

E



 

166 
 

into β-keratin sheets. As the fibers dry while under a constant load, hydrogen bonds begin to form 

between the β-sheets, fixing them in place and making them metastable. In fact, when stretched to 

80% strain and held in place for 10 minutes at room temperature, the fibers only shrunk back to 

77% strain, showing the efficacy of these hydrogen bonds for locking the keratinous fiber into its 

new fixed shape. Upon rehydration, the hydrogen bonds are disrupted, and the fiber can return to 

its original shape. This process is visualized in Figure 4.21C. 

Due to the shear-thinning properties of the keratinous solution, small diameter extrusion 

needles can be used to print different geometries with textural features on a scale of 50 

micrometers. The keratinous material was printed into a hydrogel which served as support as well 

as the coagulation bath. The keratin protofibrils aligned themselves along the print pathway, 

allowing finer control of the material's shape memory properties. Figure 4.21D shows the 3D 

printing process to fabricate a flat star, ring, and flat strip. The middle image shows an SEM of the 

fine details that could be produced. The images on the right are birefringence images that show 

the common alignment of the keratin protofibrils. Once the keratinous material has been printed, 

it can be further manipulated into new shapes before the disulfide network is reformed by exposing 

the print to hydrogen peroxide. Figure 4.21E shows a square print that was folded into an origami 

star shape before the disulfide network was reformed. Once the star shape is set with the hydrogen 

peroxide, water can be used to trigger shape recovery even when it has been deformed into a tube. 

In this case, it takes less than 2 minutes for the tube to recognizably transform back into the star 

origami arrangement, as seen in Figure 4.21E [438].  

4.4 Conclusions 

 The aim of this chapter is to establish a link between keratin as a fibrous biopolymer and 

as a material of engineering interest due to its wide-ranging functionality. Keratin fills many 
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different niches in nature due to its inherent properties and its geometric tailorability on multiple 

length scales derived from its self-assembled hierarchical structure. We established the importance 

of each of these aspects by exploring keratin as a source of design inspiration alongside the keratin 

as a raw material for engineered systems. 

 Keratinous systems have been used to inspire materials with mechanical, thermal, 

reversible adhesive, lightweight, structural color, and hydrophobic characteristics. These 

bioinspired designs have not only been used to understand the success of biological materials better 

but have served also as a creative platform for researchers to extend natural design ideas beyond 

the limitations of nature, laying the groundwork for the next generation of functional materials. 

Keratin also has been used as filler or reinforcement in composites with an eye towards 

environmentally sustainable production and specific biomedical applications. Keratin’s prolificity 

in the industrial world in wool and feathers alongside its beneficial material properties makes it a 

desirable constituent for expensive components like biomedical materials or fiber-reinforced 

composites.  

4.5. Future Directions 

Keratin has a lot to offer to the scientific and engineering communities, but several 

obstacles need to be overcome to convert its propitious potential into reality. Here we suggest 

several future directions to maximize the impact of keratinous materials on the engineering and 

scientific communities: 

• Material selection 

o As discussed in Sections 1 and 3, keratin has a hierarchical structure that allows for 

tailorable material properties. When manufacturing bioinspired components, it can 



 

168 
 

be challenging to find a material that matches the properties (i.e., Young’s 

Modulus, strength, toughness, viscoelasticity, conductivity, density, and others) of 

natural keratin. This can make translations of natural keratinous designs to synthetic 

systems challenging. Recent developments in the 3D printing of keratin [438] have 

the potential to eliminate this issue by allowing bioinspired designs to be printed 

using keratin.  

• Hierarchical Structure 

o As shown in Figures 4.1 and 4.2, keratin has an inimitable hierarchical structure 

that plays an important role in its extensive functionality, i.e., atomic-scale 

hydrogen bonds in the amino acids make keratin’s properties highly tunable via 

moisture alongside the nanoscale α-helices, which allow for a phase transition at 

20% strain while mesoscale features like lamellae, spinules, or spatulae, toughen, 

repel water, or adhere to surfaces, respectively. Engineers have struggled to 

replicate the multiscale ordered arrangements found in keratinous systems that help 

them be so multifunctional, and this remains a major challenge for the field going 

forward. 

• Exploration of additional keratinous materials in nature 

o While there has been significant research on various keratinous systems, there are 

other keratinous materials that have not yet been studied, particularly amongst 

reptiles and birds. Much of the research on keratin has revolved around its role in 

wool, hair, or human skin, which all possess the α-keratin. However, much less is 

known about β-keratin. Further, each keratinous system bears its unique structure 
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optimized for its role in an organism. Exploring more keratinous systems will 

continue to reveal new design motifs and inspiration for engineered materials.  

• More bioinspired designs 

o Similarly, some keratinous systems have been explored, but few attempts have been 

made to replicate their structure in synthetic materials. These include pangolin 

scales, butterfly cocoons, nails, talons, claws, and beaks, amongst others.  

• Multifunctional bioinspired designs 

o Harrington et al. (2016) eloquently state : “in the case of biological materials, a 

battery of selective pressures encountered over the evolutionary history of the 

organism influence the final product,” and as such biological materials are always 

multifunctional [439]. However, engineers often replicate these materials with a 

singular objective in mind, ignoring the tremendous benefits of a multifunctional 

material. An exception is the gecko pad, where researchers have perused its 

reversible dry adhesion, self-cleaning capabilities, and toughness [296,298]. Taking 

a multifunctional approach to each bioinspired design could help to develop 

superior materials that can be used for numerous applications at once.  

• Focus on different length scales 

o A vast majority of the work on bioinspired keratinous materials has been done at 

the macro, meso, or micro scale and is often scaled up for fabrication. An increased 

focus on generating these structures at their natural length scale could help 

recapture the original material’s properties. Similarly, a broader thrust in exploring 

the nanoscale behavior of keratin could help develop hierarchical materials or 



 

170 
 

unlock further functional mechanisms that larger-scale experiments have not 

revealed. 

• Numerical and analytical modeling  

o Modeling is a beneficial way to understand the structure-property relationships, 

particularly for a complex biopolymer like keratin. Improved models would help to 

understand better the hierarchical synergies in keratin and which design parameters 

are most important for different functionalities.  

Listed above are just some of the possibilities for future work on keratin as an engineering 

material. However, this list is not necessarily specific to keratin. Many other biopolymers like 

collagen, elastin, and chitin have similar wide-ranging usages in nature. Uncovering what niches 

each of these biopolymers can fill, how they succeed in so many different environments, and using 

them in engineered materials will provide a wealth of knowledge to the engineering community. 

All of this comes with the added benefit of biopolymers being renewable resources. With so many 

different utilities, understanding and replicating keratin-like structures has the potential to touch 

every corner of society.   
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Chapter 5. Impact Resistance in Equine Hooves 

5.1 Introduction 

Each of the specific architectures identified by Lazarus et al. [75] are found in the horse 

hoof wall which has shown remarkable impact resistance and fracture control properties. These 

arrangements exist in a hierarchical assembly, meaning they are exhibited on multiple different 

length scales. While nature’s intricate hierarchical designs are still outside of engineers’ grasp, 

these types of configurations often bear more finely tuned mechanical properties including 

improved energy absorbance, higher toughness, and selective anisotropy [75]. The hoof wall also 

contains several other key design features that have proven to be vital for beneficial mechanical 

properties including a composite nature, viscoelastic behavior, and unique porosity distributions. 

The hierarchical structure of the equine hoof wall can be seen in Figure 5.1. On the 

mesoscale, the hoof wall contains tubules that are approximately 40-100 μm in diameter [82]. The 

shape, size, and density of the tubules vary through the thickness of the hoof, gradually becoming 

more elliptical, smaller in cross-section, and more densely packed closer to the exterior of the hoof 

wall [99,440]. These tubules have a mostly hollow medullary cavity at the center, which is 

surrounded by a stiffer tubule wall. The wall is made of helical lamellae composed of thin pancake-

shaped cells filled with nanoscale keratin intermediate filaments (IFs) [80,97]. The IFs are 

crystalline and act as fiber reinforcement for the hoof wall. Huang et al. [78] observed thin 

“bridges” within the medullary cavity but did not extensively study these structures. The tubules 

are embedded in a softer matrix composed of irregular, polygonal, keratin-filled cells [78]. These 

cells form lamellae that generally run orthogonally to the tubule axis but can also vary in 
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orientation throughout the hoof wall [81]. The surfaces of the cells that compose these lamellae 

are sutured, providing increased mechanical stability through physical interlocking of the ridged 

interfaces. The hoof wall also contains a gradient in stiffness from the exterior of the hoof wall to 

the interior (near the living tissue) that arises from a hydration gradient, changes in reinforcement 

(from the tubule arrangement), and possibly variations in the IF density [81,98,245,440].  

Multiple studies have explored the mechanical properties of the hoof wall and uncovered 

intriguing structure-property relationships. The tubules, with their anisotropic intertubular 

lamellae, have been reported to deflect cracks, increasing fracture toughness and providing the 

hoof a degree of crack path control [79,80]. Kasapi and Gosline [79,81] noted tubule pullout during 

tensile tests but suggest that crack deflection is the primary energy dissipative role of the tubules. 

Further, they postulate that IF orientation dominates crack propagation in the hoof wall and nearly 

always causes cracks to deviate away from the interior of the hoof confirming the previous 

compact tension results of Bertram and Gosline [80]. Like other keratinous materials 

[26,28,29,78,230,245,249,259,272,441], the mechanical properties of the horse hoof are highly 

susceptible to hydration and strain-rate. Bertram and Gosline [97] measured an approximately 36 

fold increase in tensile elastic modulus between samples held in a 100% and 0% relative humidity 

environment. Kasapi and Gosline [79] observed a 3 fold increase in elastic modulus between 

tensile samples tested at a strain rate of 1.6 x 10-3 s-1 and 70 s-1. 

Despite the extensive research on the hoof wall’s mechanical properties there are still 

numerous knowledge gaps. Many of the previous studies on the hoof wall’s fracture control 

properties have focused on samples tested in tension [79–82,97]. While this can yield valuable 

results the primary loading mode of the hoof is in compression. Furthermore, nanoscale keratin 

experiences a transition from alpha helices to beta sheets when loaded in tension 
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[236,244,442,443] but this has never been reported in compression. Of the studies that have 

utilized compressive tests, they have either been performed with a single cross-head speed [98,440] 

or used narrow or less precise hydration ranges [78,98]. Only two studies have explored the hoof’s 

response to non-quasi-static strain rates. Kasapi and Gosline [79] used a compact tension 

arrangement with the cross-head attached to a pendulum to generate tensile strains of ~70s-1, while 

Huang et al. [78] used a split Hopkinson pressure bar to attain strain-rates of ~1000s-1. Neither of 

these tests provide a realistic impact scenario for what the horse hoof would experience in-vivo.  
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Figure 5.1 The horse hoof wall exhibits a complex hierarchical structure. Each length scale 

contains its own characteristic design that contributes uniquely to the mechanical functionality of 

the bulk material. Figure adapted from [441]. 
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Several researchers have designed engineered structures with enhanced mechanical 

properties based on the meso, sub-meso, and microscale (1μm-1mm) features of the hoof wall. 

Rice and Tan [275] performed single-edged notched bending tests on lamellar structures composed 

of epoxy and PLA and found that lamellar orientation can be tuned to improve stiffness and energy 

absorption during fracture. Wang et al. [276] fabricated 3D printed structures containing tubular 

arrangements and found that KIC and GIC  increased by 39% and 55%, respectively, relative to 

control samples. Huang [100] used multi-material 3D printing to fabricate samples with four 

tubules each and found that they helped to prevent damage in comparison with featureless samples. 

Ma et al. [277] fabricated crashworthy structures inspired by the tubular and lamellar structures in 

hooves and used finite element analysis and experimental compression tests to determine that 

bioinspired samples absorbed significantly more energy when compressed. Hoof-inspired 

corrugated tubules exhibited a 94% increase in specific energy absorption over traditional square 

tubes while achieving a 66% decrease in the undulation of load-carrying capacity (a metric used 

to determine the smoothness of the force-displacement curve, where a lower value indicates a 

smoother curve). A lower undulation of load-carrying capacity suggests a more efficient 

deformation process. 

In this study, we present new results on the structural characterization of the hoof wall 

including measurements of the tubules, tubule bridges and their density, and the hierarchy of 

meso/microscale fibers in the hoof wall (Section 3.1). Expanding on the mechanical experiments 

of previous studies, compression tests at five different strain rates were performed on hoof samples 

hydrated to three different hydration levels. This wide range of testing conditions was used to 

capture the hydration and strain-rate sensitivity of the hoof wall and to determine the ductile to 

brittle transition of this biological material. To determine the viscoelastic properties of the hoof 



 

176 
 

wall, compressive creep and stress relaxation tests for different hydration levels were performed. 

The results are used to fit the hoof wall’s response to a simplified Maxwell-Weichert model using 

a Prony series and are compared to another keratinous material, hair (Section 3.2). To supply an 

understanding of the hoof wall’s fracture mechanics during a realistic impact, drop tower tests that 

closely resemble those experienced by the hoof wall in-vivo were performed and the resulting 

failure mechanisms are reported (Section 3.3). Based on these results and existing literature, 

unique multi-phase hoof-inspired structures were fabricated to show that elements of the hoof wall 

can be used to improve energy absorption and control crack propagation in engineered materials 

(Section 3.4).  

5.2 Materials and Methods   

5.2.1 Hoof samples 

 Hoof samples were obtained from the University of California, Davis, Veterinary 

Department. They were taken from six racehorses of mixed age and gender that died due to 

musculoskeletal injuries. Each horse weighed between 450-550 kg. The hooves were removed 

from the corpse within 4-24 hours and were then refrigerated for 24-48 hours before being frozen 

at -20 oC. The keratinous hoof capsule was removed from the hoof before being cut down to the 

required sample dimensions. Hoof samples were taken from the central portion of the toe region. 

Two different methods were used to obtain desired hydration levels. The relative humidity method 

was used for the drop tower samples and involved placing samples in a sealed chamber with a 

desired relative humidity until the weight of the sample equilibrated. The water content by weight 

technique was used for compression samples. This method involved drying samples in an oven at 

110 oC until their weight reached equilibrium. Samples were then placed in 70 oC water and 

periodically weighed until they reached the desired water content. Samples were tested 
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immediately upon reaching the desired conditions. The relative humidity approach replicates better 

natural moisture conditions where water diffuses into a sample over an extended period of time at 

ambient temperatures. The water content approach is ideal for ensuring that all samples contain 

the same ratio of water. Since drop tower tests were intended to see how cracks propagate naturally 

in the hoof, relative humidity was chosen to modulate sample hydration. The compression tests, 

on the other hand, were meant to characterize the keratinous hoof wall at different moisture levels, 

so water content was chosen as a means of quantifying moisture in the hoof wall samples.  

5.2.2 Bioinspired samples 

Due to the promising mechanical performance of hooves reported by previous studies, 

bioinspired models were created to replicate the tubular, layered, and gradient structures found in 

the hoof. These different models aim to evaluate the mechanical properties and failure mechanisms 

imparted by its design motifs. Earlier studies have shown that the tubular structure in the hoof wall 

plays a vital role in its crack deflection mechanisms [79,81,82]. Thus, the tubular structure is of 

key interest for creating energy absorbent engineered materials. Models consisted of 64 tubules as 

a representation for the span of the hoof wall and focused on varying tubular shape gradients 

(elliptical to circular), density gradients (high density to low density), and the inclusion of soft 

intertubular lamellae. Dimensions of the tubules were drawn from Kasapi et al. [81] where the 

hoof stratum medium and externum were divided into six distinct regions. The average tubule 

shape, cavity size, and cross-sectional area reported for each region were scaled up enough to allow 

for 3D printing and replicated in the bioinspired models. Data for the density gradient comes from 

Reilly et al. [99]; it was adapted to fit 64 total tubules. For all models, the volume fraction of 

reinforced tubular area was held constant at 30% and the tubular cavity area at approximately 3% 

to match the values reported by Huang et al. [78]. Models were designed initially for drop tower 
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impact testing to study the effect of structural features, both isolated and in varied combinations. 

A multi-material 3D printer (Objet350 Connex3, Stratasys, Rehovot, Israel) was used to fabricate 

the drop tower models, using polymers FLX9095-DM for the matrix, VeroClear for the reinforced 

tubules, and TangoBlack+ for the lamellae.  

These bioinspired designs were adapted for compact tension experiments to explore how 

the various arrangements affected crack propagation. The designs were implemented into a 

modified Plastic ASTM D5045 − 14 specimen geometry (W= 39.09 mm) with the tubules arranged 

orthogonal to the crack tip. The modifications consisted of re-positioning the pinholes for the 

sample to fit in the testing apparatus with enough clearance to avoid collision of the sample and 

the crosshead during ductile Mode I failure. The modification is not expected to have consequential 

effects on the results. The compact tension models consist of the same design but with the addition 

of two models; one which tests control Model 1 composed of the stiff reinforcing tubular material 

and a model which has uniformly distributed tubules with an elliptical reinforcing region. For the 

latter, a shape ratio of 1.62 was chosen as this correlated to the most extreme elliptical tubules 

observed in the hoof by Kasapi et al. [81]. The intertubular lamellar designs were not studied in 

compact tension due to the prioritized focus of studying the effect of the tubular structure on crack 

propagation. 

5.2.3 Microcomputed tomography 

 5x5x5 mm3 cubes were removed from the hoof wall and scanned using an Xradia 

MicroXCT 200 (Zeiss, Jena, Germany). Two sets of scans were taken at different magnifications. 

A low magnification set was taken with an optical magnification of 3.9692 and a pixel size of 

4.001 μm. These scans had an exposure time of 1.5 seconds, a voltage of 80 kV, and a current of 

88 μA. Higher magnification scans were taken with an optical magnification of 19.312 and a pixel 
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size of 1.1315 μm. These scans had an exposure time of 3 seconds, a voltage of 80 kV, and a 

current of 87 μA. The results were processed with Fiji/ImageJ (U. S. National Institutes of Health, 

Bethesda, Maryland, USA) [444] and 3D plugins [445,446] prior to measuring. The processing 

was customized based on the properties of the images, and consisted of brightness and contrast 

enhancements, noise reduction 3D filters, pixel thresholding, morphological 3D erosions and 

dilations, 3D hole filling, size-based object filtering, and object isolation from the stacks. Global 

3D analysis of tubule morphology was conducted using the Volume Viewer plugin. 

5.2.4 Compression tests 

 5x5x5 mm3 samples taken from the hoof wall were tested using an Instron 3367 

mechanical testing machine (Instron, High Wycombe, United Kingdom) with a 20 kN load cell. 

Despite bearing such large in-vivo loads, the hoof wall is only about 1 cm wide at its thickest, 

and this can vary between horses and even within the same hoof. The dimensions chosen for 

these tests were the largest possible ensuring that samples were composed exclusively of stratum 

medium (the central portion of the keratinized hoof wall). Samples were compressed in the 

longitudinal direction to 30% of their original height at three different hydration levels (10%, 

20%, and 30% water content by weight) and five different strain rates (100s-1, 10-1s-1, 10-2s-1, 10-

3s-1 and 10-4s-1). Five samples were tested for each condition. Stress relaxation tests were also 

performed on 5x5x5 mm3 samples at each hydration condition. These samples were compressed 

to 90% of their initial height at a strain rate of 10-1s-1 before a 10-minute relaxation period. Creep 

tests were conducted on samples of 20% and 30% water content. 5x5x5 mm3 samples were 

compressed and held at a constant stress of 14.5 MPa (the average initial stress between the two 

hydrations for the stress-relaxation tests). The resultant change in strain was measured over a 

period of 700 s.  
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5.2.5 Drop tower tests 

 Drop tower impact testing was chosen as a characterization technique because it best 

recreates the natural localized impact that might be experienced by hoof when it lands on uneven 

terrain, such as a small rock, during locomotion. Hoof samples were tested in a drop tower 

specially made for testing biological samples described previously in detail [83]. For this study, 

the 1.2 kg impactor was raised to a height of 0.24, 0.48, and 0.72 m for impact energies of 2.8224, 

5.6448, and 8.4672 J, respectively. Hoof samples were tested in two different hydration conditions 

of 25% and 50% relative humidity (RH). Five samples were tested for each impact energy at both 

hydration conditions. Samples were cut using a benchtop saw to be 17x8x3 mm3.  

 Bioinspired samples were also characterized through drop tower testing. These tests were 

performed on a CEAST 9350 (Instron, High Wycombe, United Kingdom). The samples were 

impacted at 4 m/s ± 0.2 m/s by a 3.266 kg impactor (corresponding to ~26.1 J of impact energy) 

with a half-inch hemispherical tip. Force-displacement curves were measured, but no trends were 

observed for each type of sample, so they were not reported here. Instead, the analysis of these 

tests focused on the fracture surfaces and residual damage of impacted samples.   

5.2.6 Fractography 

 Post-impact hoof samples were imaged using an FEI Apero FESEM (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) after being sputter coated (Emitech K575X, Quorum 

Technologies Ltd, East Sussex, United Kingdom) with iridium for eight seconds. Post-impact 

bioinspired samples were imaged using an Xradia microCT 200 (Zeiss, Jena, Germany). Scans 

were reconstructed and segmented in Amira 2020.2 (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) to obtain damage volume values.  
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5.2.7 Compact tension testing 

Three samples of each bioinspired model were printed and tested. They were pre-notched 

using a razor blade and jig to ensure consistently sized and perpendicular cracks 2.5 mm ± 0.09 

mm in length. All samples were tested using the Instron 3367 load frame under ambient indoor 

conditions (approximately 22 oC and 75% humidity). Samples were tested at 10 mm/min as per 

ASTM and the displacement and load until failure were recorded. Raw data were exported from 

the universal testing machine and normalized to consider the first 90% of the displacement in 

plotting load versus displacement curves on MATLAB. The energy absorbed for each model was 

calculated by measuring the average area under the curve for the model trials. Standard deviations 

for each model were also calculated and plotted.  

Measurements of the sample dimensions were made before and after fracture using digital 

calipers. Videos of each experiment were recorded, and digital images of each sample post-fracture 

were taken. Videos were used to correlate the physical deformation behavior to the measured 

curves. Digital images were used to measure crack length using ImageJ (U. S. National Institutes 

of Health, Bethesda, Maryland, USA).   

5.3 Results and Discussion 

5.3.1 Structure of the hoof wall 

 Tubular and fibrous arrangements reported by previous authors were confirmed by 

scanning electron microscopy (SEM) and micro-computed tomography (microCT). The gradients 

in tubule shape and density were consistent with previous observations of the hoof wall 

[81,82,99,245]. Figure 5.2A shows an image of an extracted tubule from a microCT scan. The 

scans show that the hollow medullary cavities at the center of the tubules are not continuous 

structures but are segmented by bridges that span the empty space dividing the cavity into hollow 



 

182 
 

pockets. These features have been noted before but never quantified [78]. Averaged measurements 

of bridge width, bridge density, cavity cross-sectional area, porosity of the central hoof wall cross-

section, tubule density, and volume of an individual pocket are summarized in Table 5.1. 

Measurements of the tubule density agree with Reilly et al. [99] and Kasapi and Gosline [81], who 

found, respectively, 11-22 tubules/mm2 and 10-25 tubules/mm2 in the central region of the horse 

hoof wall. The average value for porosity (0.77±0.3%) was lower than those measured by Huang 

et al. [78] ( ~3%). The measurements of the bridge width, bridge density, and average pocket 

volume are novel and have not been previously reported.  

Table 5.1 MicroCT measurements of hoof features 

Bridge width(n=301x) 10.3 ± 2.4 µm 

Bridge density (n=16y) 0.009 ± 0.002 bridges/µm 

Pocket cross-sectional area (n=226y) 365.8 ± 18.2 µm2 

Pocket volume (n=43z) 40633.5 ± 12820.5 µm3 

Porosity (n=226y) 0.77 ± 0.3% 

Tubule density (n= 226y) 15.91 ± 0.4 tubules/mm2 

x- Bridges, y-Tubules, z- Pockets 

SEM scans of fibers extracted during the cutting process show the hierarchy of fibers 

found in the hoof wall ranging from macrofibers on the scale of 100 micrometers down to 
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embedded fibers that are just hundreds of nanometers in diameter. These features are shown in 

Figure 5.2B.  

 

Figure 5.2 A) Tubule structure extracted from microCT scans of the horse hoof. B) Hierarchy of 

fibers in the horse hoof. 

5.3.2 Compressive response of the hoof wall 

Keratin’s mechanical properties are very hydration dependent, a phenomenon that has been 

reported in hooves [78,98,440] and numerous other keratinous systems such as horns, whale baleen 

[243], and hair [168,244,246,259,263]. Stress-strain curves for hoof samples compressed at five 

different strain rates for three different hydration conditions are shown in Figure 5.3A-C. In these 

curves the areas between like samples are shaded in to establish a range of results and to better 

illustrate the trends observed under different testing conditions. A ductile-to-brittle transition can 

be observed with the decrease in hydration as well as increasing strain rate. Samples hydrated to 

10% water content began to fracture around 0.15 strain and showed severe plastic damage after 
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being compressed to 0.7 strain. Due to this brittle behavior, a very wide variability in the curves 

was observed between samples as shown in Figure 5.3A, where the ranges for each strain rate 

show a significant amount of overlap. In this condition, brittle fracture dominates; it is determined 

by discrete microplastic buckling and fracture events, and there is no clear strain-rate sensitivity. 

For drier samples, these catastrophic events determine the material response. Indeed, the fracture 

stress of brittle materials is strain rate insensitive up to strain rates in which the crack velocity is 

hindered by the load application rate. 

 For the most hydrated samples (30% water content) there is a noticeable and consistent 

strain-rate effect. A linear shift in stress levels at specific strains can be seen with increasing strain 

rate. Samples tested at 10-4s-1 fit this trend well initially but then diverge at higher strains, likely 

due to drying effects during testing. As such, the reported stress levels for this strain rate are likely 

inflated due to inconsistent hydration conditions during testing.  

 At 20% water content by weight, samples tested at the highest strain rate continue to show 

a brittle behavior. This response is visualized by the green shaded region in Figure 5.3B where 

there is a long elastic regime, reaching a high stress of 50-65 MPa, followed by a precipitous drop 

in stress, signifying plastic damage and fracture. When loaded at 10-1s-1, the samples exhibited a 

similar initial behavior as the samples loaded at 100s-1. However, they did not fail in a brittle 

manner between 0.1-0.2 strain and were able to exceed the maximum stress of samples tested at 

the faster strain rate. On the other hand, samples tested at 10-2s-1, 10-3s-1, and 10-4s-1 express 

elastomer-like behavior. Thus, the ductile-to-brittle transition is captured at 20% water content by 

weight. Such a ductile-to-brittle transition with increasing strain rate is consistent with previous 

observations for toucan rhampotheca [101] and pangolin scales[29].  
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As mentioned above, all of the samples hydrated to 30% water content by weight display 

ductile behavior and are significantly softer than those in the other two hydration conditions.  The 

stress-strain curves at 100s-1 and 10-1s-1 are shifted upward relative to the other strain rates. Only a 

marginal difference between 10-2s-1 and 10-3s-1 is observed for this hydration condition, but the 

curves for the latter strain rate tend to be comparatively shifted down. As previously mentioned, 

samples tested at 10-4s-1 have higher stress values than expected, likely due to drying during testing. 

Samples hydrated to 30% water content also showed very little visible damage and even exhibited 

noticeable shape recovery after the load was released. This shape recovery has been previously 

observed in feather [261] and horn [259] keratin. The strain rate sensitivity, defined as m =

∂lnσ/ ∂lnε̇ is displayed in Fig. 3D and ranges from 0.072 to 0.087. These values are in line with 

other keratins: baleen (0.09 to 0.11)[243], pangolin scales (0.06)[29], hair (0.06)[224]. These 

biopolymers have a response similar to synthetic polymers, such as PMMA (0.07) [243]. 
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Figure 5.3 Stress-strain curves of hoof samples compressed at five different strain rates (100s-1, 

10-1s-1,10-2s-1, 10-3s-1 and 10-4s-1) for hydration states of A.) 10%, B.) 20%, and C.) 30% water 

content by weight. 

The elastic modulus decreases with increasing hydration and generally increases with 

increasing strain rate, in agreement with previous work [98,440]. Table 5.2 shows the measured 

elastic modulus for each condition. The linear elastic regime, seen in Figure 5.3A-C, shrinks with 

increasing hydration. The water molecules in the hydrated hoof act as a plasticizer. The hydrogen 

bonds that stabilize the α-helix structure of the keratin molecules and weakly crosslink adjacent 

polymer chains are interrupted, reducing the stiffness of the material dramatically [447]. At low 

hydrations, the keratinous hoof wall behaves like a hard plastic, exhibiting plastic deformation at 

relatively low strain. This behavior results in a stress plateau beginning at ~0.15 strain as the 
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damaged material is less capable of resisting stress once fractures have been introduced. At higher 

hydrations, the material behaves more like an elastomer. It exhibits a short initial elastic regime 

before a slow, steady increase in stress up to approximately 45% strain. At this point, most of the 

pores have collapsed, and the densified material sees a steep increase in stress with increasing 

strain. However, very few fractures are observed, and the onset of plastic deformation is 

significantly delayed. 

Table 5.2 Elastic modulus values for hoof samples tested at different hydrations and strain rates 

Strain 

rate 

10% ± 1% water content 20% ± 2% water content 30% ± 2% water content 

10-4s-1 547.4 ± 251.9 MPa 105.1 ± 22.5 MPa 48.4 ± 26.4 MPa 

10-3 s-1 600.0 ± 99.1 MPa 281.5 ± 40.1 MPa 56.6 ± 25.8 MPa 

10-2 s-1 774.9 ± 188.4 MPa 439.3 ± 90.3 MPa 169.2 ± 51.1 MPa 

10-1s-1 743.4 ± 151.1 MPa 512.8 ± 120.5 MPa 105.1 ± 35.1 MPa 

100s-1 1218.9 ± 171.5 MPa 941.9 ± 120.7 MPa 164.6 ± 17.3 MPa 
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Figure 5.4 When compressed, the hoof wall displays viscoelastic behavior that varies with 

hydration. A.) Normalized relaxation data vs time. Inset shows initial relaxation period. B.) 

Creep test of hoof samples hydrated to 20% and 30%. C.) Relaxation modulus for each hydration 

state as a function of time. Fitted curves of three-term Prony series compared with experimental 

data for D.) 10% (and Simplified Maxwell-Weichert model with generalized equation used to 

model viscoelastic behavior of the hoof wall) E.) 20%, and F.) 30% water content by weight. 

Figure 5.4A shows the averaged curves (N=5) of stress relaxation tests over a range of 600 

seconds. To better compare samples, the percentage of maximum stress was plotted versus time. 

Interestingly, the middle hydration level of 20% water content by weight exhibits the most 

relaxation relative to its initial stress level, losing nearly 75% of its maximum stress over a 10-

minute relaxation period. Meanwhile, the 30% water content by weight samples approached a 65% 

decrease in stress, while stress in the 10% water content by weight samples only dropped by about 

55%. It stands to reason that the dry samples would exhibit less viscoelastic relaxation, but the 

results of the 30% water content by weight samples seem anomalous. This is likely due to the 

higher absolute stress level present in the 20% water content samples when they are compressed 

to the same strain, since the 20% water content samples have elastic modulus values ~2-5 times 
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higher than those of the 30% water content samples. This notion was confirmed by creep tests on 

the two sets of samples hydrated to 20% and 30% water content, where the samples are loaded to 

the same stress level and then the change in strain over time is measured. The results of these tests 

are displayed in Figure 5.4B and suggest that samples hydrated to 30% water content are 

significantly more viscoelastic, with an average change in strain of 26.02 ± 5.83% after 700 

seconds compared to that of the 20% water content samples which had an average change in strain 

of just 5.62 ± 1.48% over the same time period.  

Water, by infiltrating in the structure, disrupts hydrogen bonds that stabilize the keratin 

structure, allowing the keratin fibers to slide past each other and rearrange more easily. This 

behavior has interesting implications for the naturally occurring hydration gradient in the hoof 

wall. Kasapi and Gosline [81], Bertram and Gosline [97], and Douglas et al. [98] discuss how this 

gradient leads to a decrease in strain differential between the stiff hoof wall and the soft interior 

tissue; however, the authors do not explore or discuss the viscoelastic implications of this hydration 

gradient. Unfortunately, there is no clear consensus for the natural hydration condition of the horse 

hoof in-vivo. For example, Leach [440] reported an average of 20.0% water content at the outer 

wall and 27.6% at the inner wall, while Douglas et al. [98] reported a moisture content of 27.9% 

at the outer wall and 35.5% at the inner wall. In either case, it seems that the stiffer exterior portion 

of the hoof wall may have an optimal water content for increased stiffness while maximizing the 

viscoelastic nature of keratin that improves its energy dissipation and durability. Furthermore, even 

with the gradual gradient identified by previous studies, one would expect the hydration difference 

and therefore stiffness difference through the thickness of the hoof to give rise to internal shear 

stresses as the hoof is. However, the more rapid viscoelastic recovery of the hoof when hydrated 

to 20% water content likely helps overcome this issue. For instance, when compressed to 10% 
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strain, hoof samples hydrated to 20% water content experience an average stress 1.77 times that 

of samples hydrated to 30% water content. However, this ratio drops to 1.67 after 1.5 seconds and 

then 1.57 after 22 seconds. After 10 minutes this ratio is reduced to just 1.31. Meanwhile, samples 

hydrated to 10% water content experience an initial stress 5.67 times larger than that of the 30% 

water content samples. After 1.5s, 22s, and 10 minutes this grows to 6.11, 6.61, and 7.44, 

respectively. An exterior hydration of ~20% water content allows the hoof to harness the benefits 

of a stiff exterior while also minimizing internal shear stress via rapid viscoelastic relaxation. Of 

course, these tests only account for variations in hydration, but not any of the structural differences 

that occur through the hoof wall thickness, which may further improve this optimization. 

A closer look at the initial phase of relaxation can be seen in the inset of Figure 5.4A. 

Immediately after the stress relaxation begins, the samples experience a linear drop in stress before 

entering a region of gradual decay. The samples hydrated to 20% water content experience the 

steepest drop in stress in this linear region, followed by the 30% water content samples and finally 

the 10% water content samples. Several of the relaxation curves for the 10% water content samples 

lack the smoothness seen in the other two sets of curves. In these samples, a sudden change in the 

relaxation rate can be observed between 3-4 seconds, and this is reflected to a lesser degree in the 

averaged curve. This behavior is likely the result of shifting plastic deformation that occurred 

during loading.  

The viscoelastic behavior of keratinous materials has previously [224] been quantified 

using a simplified version of the Maxwell-Weichert model (Figure 5.4D) which uses two Maxwell 

elements (a spring and dashpot in series) and a spring in parallel. The relaxation modulus of the 

system can be represented by the following three-term Prony series: 

Er(t)=Eo+E1e
-t/τ1+E2e

-t/τ2 
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where t is the time elapsed since the beginning of the relaxation period, E1 and E2 are the elastic 

moduli of the springs in the Maxwell elements, Eo is the elastic modulus of the remaining spring, 

and τ1 and τ2 are characteristic relaxation constants defined as the ratio between the viscosity, η, of 

the dashpot and the elastic modulus, E, of the spring in each Maxwell element. The two-step 

relaxation process observed in keratin has been attributed to two distinct mechanisms at different 

hierarchical levels. The shorter relaxation time, measured to be between 11s and 14s in hair [224], 

is the result of relaxation of the larger scale features such as cells, lamellae, and tubules while the 

longer relaxation time, determined to be about 207s in human hair, is thought to be the result of 

nanoscale features, like the IFs. Figure 5.4C shows plots of the relaxation modulus for each 

hydration condition. These curves were then fitted to the generalized Maxwell-Weichert equation. 

The calculated curves are plotted alongside the experimental data in Figures 5.4D-F. The resulting 

equations are: 

 Er,10%(t)=229.3+98.2e-t/5.89+60.3e-t/224.6 

 Er,20%(t)=40.1+41.7e-t/7.7+27.8e-t/204.9 

 Er,30%(t)=30.9+22.6e-t/6.18+12.8e-t/206.3 

The hoof wall samples hydrated to 20% had the largest short-term relaxation constant and the 

smallest long-term relaxation constant. Studies on hagfish slime threads suggest that the 

amorphous matrix in which the IFs are embedded is likely the most susceptible to hydration 

sensitivity [244,448]. In this context, it makes sense that the more hydrated samples would have a 

noticeably lower long-term relaxation constant which is associated with nanoscale structures. 

Meanwhile the driest samples, hydrated to 10% water content, exhibit the fastest short-term 



 

192 
 

relaxation time due to plastic relaxation of minor cracking and delamination that occurred during 

loading.  

Human hair has characteristic relaxation times of ~207s and ~11s [224]. The larger 

relaxation time is remarkably consistent with the results of this study (224.6s, 204.9s, and 206.3s). 

The results agree well with the assumption that this relaxation time represents keratin’s nanoscale 

features which should be similar in both systems [78,168]. The shorter relaxation time, however, 

is significantly different. This finding also makes sense, considering that the hoof has significantly 

different mesoscale features than hair. With a lower short-term relaxation time (5.89-7.7s), the 

tubule reinforcement/intertubular lamellae in the hoof seem to relax quicker than the cortical 

structure of hair (11s). Furthermore, in the hoof, the Maxwell-element moduli for the large-scale 

features, E1, are 1.5-1.75 times larger than the moduli of the smaller features, E2, whereas in hair, 

this is reversed, with E2 being 1.5-1.75 times larger than E1 [224]. This finding indicates that the 

hoof has a steeper initial decay of stress and that the short-term relaxation that arises from the 

hoof’s mesostructure is more dominant than in other keratinous materials. For example, after 3 

seconds, the Er for hair drops to 95.9% of its initial value while that of hooves drops to 89.7%, 

87.4%, and 86.6% for 10%, 20%, and 30% water content, respectively. After 10 seconds these 

values become 89.5% (hair), 78.6%, 71.1%, and 71.7% (hoof). With just a matter of seconds 

between each footfall for a galloping horse [449,450], being able to dissipate compressive stress 

via viscoelastic relaxation more quickly is advantageous for preventing the build-up of stress 

during the repeated loads of locomotion. These tests suggest that hooves can improve this 

capability over other keratinous materials with their mesostructural features, highlighting yet 

another benefit of the hoof’s unique configuration.   
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5.3.3 Impact performance of hoof wall 

 Similar to the quasistatic compression experiments, there was a dramatic effect of the 

degree of hydration on the impact response. Figure 5.5A shows sample dimensions and extraction 

location from the hoof wall. Samples hydrated at 50% RH (Relative Humidity) showed almost no 

damage regardless of impact energy. Many of these samples simply bent under impact, rather than 

fracturing or cracking. These samples were so ductile that they were able to bend in half and 

squeeze into the lower aperture upon impact. They could be removed and straightened to their 

initial shape with minimal noticeable damage. Only one sample impacted at the highest energy 

exhibited cracking after being bent to nearly 180o. The samples hydrated at 25% RH, however, 

showed significant damage regardless of impact energy. This is indicative of a ductile-brittle 

transition between 25% RH and 50% RH for the hoof wall. The severity of damage in the samples 

also increased with increasing impact energy. Figures 5.5B and C indicate the damage observed 

in the samples after drop tower testing at different impact energies for 25% RH and 50% RH, 

respectively.  
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Figure 5.5 Drop tower experiments were performed on hoof wall samples. A) Sample 

dimensions and location of extraction. Failure mechanism histograms for different impact 

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

 The fracture morphology depends, by virtue of the anisotropy of the structure, on the 

orientation of the propagation path. For the drop tower fractured specimens, the state of stress is 

complex and not controlled, and so is the fracture path. Nevertheless, it was possible to identify 

some important characteristics. Figure 5.6A shows two principal fracture planes: parallel and 

perpendicular to the orientation of the tubules in agreement with previous studies [79–81,97]. 
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When the crack front is perpendicular to the tubules, it forms steps aligned with weak planes in 

the intertubular matrix. For the other extreme case, where the crack plane is aligned with the 

tubules, the crack front tends to meander between the tubules, since the peritubular material has a 

higher strength than the matrix (Figure 5.6B). These different modes of fracture corresponded to 

varying impact energy with fractures tending to form perpendicular to tubules at higher impact 

energies and along the tubule axis at lower ones. Kasapi and Gosline [79] do not mention these 

phenomena during their fractography analysis of compact tension tests at different strain rates, 

instead only making note of differences due to location in the hoof wall. At the next spatial scale, 

(Figure 5.6C-E) there is also a distinct effect of strain rate. At low impact energies cracks develop 

between tubular and intertubular fibers. When the material fails these cracks eventually propagate 

longitudinally along the tubule as shown in Figure 5.6A. At intermediate impact energies, crack 

initiation phenomena similar to the low impact energy samples were observed; however, 

longitudinal tubule pullout could also be seen. At high impact energies, individual tubules were 

shorn laterally from the matrix while cracks traveled in a stepwise pattern through the intertubular 
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material. Finally, on the microscale and below, failure of the horse hoof involves rupturing the 

hierarchy of fibers shown in Figure 5.2B.   

 

Figure 5.6 Schematic showing the failure mechanism of each length scale’s characteristic 

structures at different impact energies. The microscale depicts the ubiquitous fiber rupture, the 

sub-mesoscale shows tubule splitting/cracking, tubule pullout, and tubule tearaway, while the 

mesoscale depicts crack deflections at the tubular (low and intermediate impact energies) and 

lamellar (high impact energies) interfaces. Red lines indicate points of failure such as fiber 

rupture or cracking, light blue lines indicate tubular fiber orientation, and dark blue lines 

correspond to fiber orientation in the intertubular matrix. Figure by Brooke Stephenson. 

Figures 5.7-9 provide observations that elucidate the mechanisms of fracture propagation 

and toughening at the meso and microscale. SEM images of the post-impact crack interfaces of 
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the 25% RH samples reveal that the failure mechanisms depend on impact energy and highlight 

some of the features that make the hoof so energy absorbent under impact. At the lowest impact 

energy of ~2.8 J, cracks formed in several samples. SEM images of these crack interfaces show 

that significant deflection occurred along the tubule/matrix interface (Figure 5.7). These 

deflections cause the crack to take a meandering, energy-absorbent path. This result is similar to 

that of Mirkhalaf et al. [451] who determined that introducing planes of weakness into a brittle 

material can be used to create tortuous crack paths and improve toughness. Small cracks were also 

observed around some of the tubules which suggest the onset of delamination between the tubule 

cortical layers and the surrounding matrix. Several other fracture mechanisms centered around the 

tubules were observed, including tubules arresting cracks and bridging cracks, as shown in the 

right-most image in Figure 5.7. In the instance of tubule arresting, cracks were halted when their 

tip reached a tubule interface. Meanwhile, in the case of tubule bridging, cracks passed through 

the tubules, but the two surfaces of the crack were held together by the intact tubule structure. This 

extrinsic toughening mechanism has been observed with perpendicular fibers spanning cracks in 

biological systems such as bone [452], but not as a result of tubules running parallel to the crack 

interfaces. Horse hooves are unique since they have high-aspect ratio reinforcing elements 

(tubules) that are physically intertwined with the surrounding fibrous matrix. This feature will be 

discussed in greater depth later in this section but is important for understanding how tubules are 

able to span fracture surfaces and arrest crack growth.  
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Figure 5.7 At the lowest impact energies the tubules cause significant crack deflections resulting 

in tortuous fracture surfaces. Tubules were also noted for the first time to bridge cracks, 

providing an extrinsic toughening mechanism, and arresting crack interfaces in their fibrous 

cortical layers. 

At the intermediate impact energy of ~5.6 J, tubules not only cause crack deflections but 

also begin to delaminate entirely from the surrounding matrix. This mechanism is similar to the 

fiber pullout observed in synthetic composites [95,453–455] and has been noted in other composite 

biological materials like wood and bone [12,94]. As the hoof wall flexes under impact, significant 

stress concentrations build up at the interface between the reinforced tubules and the softer matrix. 

These magnified stresses cause the tubules to debond and slip out of the matrix. Several examples 

of this behavior are noted in the top images of Figure 5.8. An example of a pulled-out tubule can 

be seen in the bottom left pane of Figure 5.8 while the remnant matrix is shown in the bottom right.  
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Figure 5.8 At the intermediate impact energy tubules cause crack deflections and pull out of the 

matrix. The top two panels show SEM images containing multiple examples of these 

phenomena. The bottom two panels show a tubule that has debonded from the matrix in the 

longitudinal direction (left), as well as the remnant matrix. 

Another important implication of the hoof wall’s tubular reinforcement is the way in which 

the tubules adhere to the surrounding matrix. Unlike most synthetic fiber reinforced composites, 

which grip the matrix with friction, the tubular reinforcement in the hoof is physically attached to 

the matrix with intertwined fibers that span the tubule/matrix interface. Therefore, to induce tubule 

pullout or tubule tear-away the bonds that hold these fibers together need to be overcome. Torn 

fibers between the matrix and tubule after impact can be seen in Figure 5.9A-C. Figures 5.9D-F 

show the hierarchy of torn fibers on the surface of a tubule that has ruptured from the surrounding 

matrix with each successive image revealing a finer embedded fibrous structure. We hypothesize 

that this physical attachment can increase the value for κ, the bond modulus of the reinforcement, 
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as well as increasing the amount of energy that is dissipated when tubules rupture from the 

surrounding matrix. In synthetic composites, the degree of bonding across the interphase region 

(the interface between fiber and matrix) is vital and can govern the mechanical potential of fiber 

reinforced composites [456,457]. Significant research has gone into improving the adherence of 

fibers to the matrix including the use of fiber surface modifications via dip coating [458], 

functionalized nanoclay grafting [459,460], nanofiber chemical vapor deposition [461,462], and 

chemical sizing agents [463–465]. The hoof’s bottom up self-assembly allows it to create fiber 

reinforcement that is physically attached to the surrounding matrix with a hierarchy of fibers. This 

structural motif can serve as inspiration for future designs of fiber reinforced composites.  
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Figure 5.9 Unlike engineered composites, the hoof wall’s reinforcing elements are physically 

attached to the surrounding matrix. A-C) SEM images of post-impact specimens showing torn 

fibers that once connected the reinforced tubules to the matrix. D-F) SEM images of the same 

ruptured tubule showing the hierarchy of fibers involved in the interphase connection. G-I) At 

the highest impact energies, the intertubular lamellae dominate the fracture path as cracks 

propagate along the boundaries between the layers. At these impact energies, tubules rupture 

from the matrix laterally rather than longitudinally. 

 The critical force, Pcrit, required to induce fiber pullout in engineered composites is often 

based on the assumption that the bonding between the reinforcement and surrounding matrix is 

purely frictional. In the case of the hoof, where additional force is required to fracture the fibers 

that traverse the interphase boundary of the reinforcement, an additional term can be added: 

Ptubule=σfibers*Afibers*ρfibers*2πrl, where σfibers is the tensile strength of the keratin fibers, Afibers is 

the average cross-sectional area of the fibers, ρfibers is the density of fibers per unit area, r is the 

radius of the tubule, and l is the length of the tubule. However, as previously noted, many of the 
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tubules in the hoof are elliptical rather than circular in cross-section, which increases the surface 

area of the tubules and therefore the number of fibers that can span the interphase region.  

At the highest impact energy of ~ 8.5 J, the intertubular lamellae begin to play a more 

dominant role in the fracture path of the hoof wall. Figure 5.9 G-I shows several of these fracture 

surfaces. This failure pattern increases the surface area of fractures in the sample as cracks move 

horizontally through the sample rather than traveling down along the tubule axis. At the highest 

impact energy, the tubule-matrix interaction also begins to change. Rather than pulling tubules out 

of the matrix in the longitudinal direction, the impact causes tubules to tear away from the matrix 

in the transverse direction. 

These findings generally agree with higher strain rate compact tension tests performed by 

Kasapi and Gosline [79]. However, they differ in that samples impacted at higher energies do not 

have more smooth fracture surfaces. These results also differ significantly from quasi-static tests 

[80,81] on the hoof wall which showed that the intertubular material nearly always dominates the 

fracture path. One feature that was noted by Kasapi and Gosline [81] is the variation in IF 

alignment through the hoof. Under quasi-static loading, this IF arrangement led to crack deviations 

away from the living tissue at the interior of the hoof. A similar phenomenon was observed after 

drop tower impacts but to a much lesser extent. In nearly all fractured samples, cracks traveling 

toward the interior exhibited a sharp bend at the same location. Several examples of this deflection 

can be seen in the images on the left half of Figure 5.10. SEM images, shown on the right of Figure 

5.10, revealed that this deflection occurred in the region where there was a change in fiber 

alignment. Since the IFs are aligned within the macrofibers, the change in macrofiber orientation 

corresponds well to the crack deflection mechanisms found by previous studies. However, likely 

due to the higher impact energies of the drop tower tests, this change in orientation was not enough 
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to fully deflect the crack away from the interior, but only to cause a minor deviation in the crack 

path. Regardless, this suggests that macroscale fracture control properties of the hoof arise from 

its fibrous composition. Another cause of this deflection could be the change in tubule shape and 

density in this region that was reported by Kasapi and Gosline [81], Reilly et al. [99], and Leach 

[440]. Here, there is a transition from smaller partially elliptical tubules to large circular ones 

which may lead to the change in crack path. 
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Figure 5.10 Fiber orientation within the hoof leads to crack deflections during fracture. (Left) 

images of samples after drop tower testing showing crack deviation near the interior of the hoof 

wall. Crack path is highlighted by the dotted red line. The deflection is emphasized by the yellow 

arrow. (Right) SEM images taken around the deflection zone showing a change in the orientation 

of the fibers. In the top image, taken above the yellow line, fibers are oriented perpendicular to 

the cross-section. In the bottom image, taken below the yellow line, fibers run parallel to the 

cross section, as shown by the green arrows. The middle image shows the transition region 

where the orientation of the fibers changes.  
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Huang et al. [78] observed fibrous bridges spanning the hollow medullary cavities of the 

tubules and hypothesized that these increased stability of the tubule. Indeed, these bridges do seem 

to play a structural role in the hoof as many were found fractured after impact while the rest of the 

tubule was left mostly intact. Several SEM images of this phenomenon can be observed in Figure 

5.11. 

 

Figure 5.11 SEM images of fractured tubule bridges. These structures fractured prior to the rest 

of the hoof wall suggesting they play an important role in the structural stability of the hoof wall. 

5.3.4 Bioinspired designs 

These designs were generated to test the hypotheses developed as a result of the 

observations of the fracture retardation mechanisms made in the drop tower tests. Several 

simulated mesostructures created by additive manufacturing were tested in the drop tower setup 

and subsequently in a more controlled geometry in which a crack was generated with well 

controlled orientation (quasistatic fracture toughness tests).  
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5.3.4.1 Dynamic tests (Drop tower)  

Computer aided design depictions of each model is shown in Figure 5.12A. Model 1 serves 

as a control sample with no features and consisting only of matrix material. Model 2 incorporates 

uniformly distributed hollow cylindrical cavities, representing the medullary cavities found in the 

hoof wall. Model 3 incorporates the tubular density gradient found in the hoof wall, with the hollow 

cylinders more congested towards the ‘exterior’ end of the sample and fewer near the ‘interior’. 

Model 4 maintains the same uniform tubular arrangement as Model 2 but incorporates 

reinforcement material around each cavity. Model 5 maintains the same uniform distribution but 

adopts the shape gradient feature as outlined in Kasapi et al. [81], which shows that tubules in 

certain regions are more elliptical than in other portions of the hoof. Model 6 incorporates the 

shape gradient as well as the density gradient and has a tubular structure most similar to the actual 

hoof. The final two models were designed to test the intertubular lamellar features by emulating a 

3:1 matrix to soft layer ratio. Model 7 incorporates the soft layers into a featureless matrix with no 

tubules. Model 8 has the same realistic tubule arrangement as Model 6 but adds soft lamellae into 

the intertubular matrix. Care was taken to ensure that each multi-material model consisted of the 

same volume fraction of tubular reinforcement in spite of the design differences.  

The introduction of tubules into single phase samples led to an appreciable increase in 

damage volume between the featureless Model 1 and the uniformly distributed tubules in Model 

2 as can be seen in Figure 5.12A. However, the addition of a gradient in tubular density in Model 

3 significantly decreased the damage volume to below that of Model 1. Wei and Xu [466] found 

that cellular gradient structures inspired by nacre distribute load better and allow for greater 

bending deformation before failure. A similar phenomenon occurred in these bioinspired samples 

where the asymmetric porosity leads to a gradient in effective elastic modulus. Double material 
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samples (Models 4-6) containing reinforced tubules predictably sustained the most damage as 

samples were embrittled by the addition of the stiffer reinforcing phase. The gradient features, both 

in tubule density and tubule shape, again led to a decrease in observed damage after impact. The 

increased soft material in the impact zone blunts the damage while the reinforcement on either side 

resists the spread of damage. The soft ductile layers further reduced residual damage. Model 8 had 

the same tubular arrangement as Model 6 but included soft ductile layers. This combination of 

tubular density and shape gradient alongside ductile lamellae led to the lowest damage volume of 

the reinforced tubules, providing a positive optimization of stiffness and damage reduction. 

A closer look at the segmented damage volume itself revealed how each sample failed 

under impact. Figure 5.12B shows microCT images of the back face of impacted models as well 

as extracted subvolumes of the damage in each model. The damage volume of Model 1 forms a 

cylinder near the impact surface before spreading into a conical shape with very smooth fracture 

surfaces. The tubular features of Models 2 and 3 create more asymmetric damage in the samples 

as cracks “reach” for tubules that are farther away from the impact zone. This leads to 

delocalization of damage. In Model 2, cracks extend out from the damage zone before terminating 

at hollow tubules. In Model 3, the fracture is controlled by the tubular density gradient. Damage 

occurs preferentially on the more densely porous side of the sample. The unreinforced tubules near 

the impact zone act as flaws, initiating cracks, while those farther away act as crack arresters; with 

so many densely packed tubules the crack path is constricted and does not extend past the first row 

of tubules adjacent to the impact. On the less dense side of the model, fractures behave similarly 

to those in Model 2, traveling through the matrix towards nearby tubules. Much like the damage 

mechanisms observed in the horse hoof [79,81,82], this arrangement allows the samples to control 

the crack propagation.  
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Figure 5.12A shows that Model 2 sustains more damage than Model 1 while Model 3 

experiences noticeably less. This is a result of the gradient in density. With tubules near the 

impact zone acting as crack initiators, the uniform distribution of tubules leads to an increase in 

damage relative to the neat, featureless samples. The benefits of cracks arrested by distant 

tubules are outweighed by tubules near the impact zone weakening the material. Mirkhalaf et al. 

[451] observed a similar phenomenon in glass, noting that when intentional crack deflecting 

flaws were concentrated too densely they could significantly reduce a material’s overall 

toughness rather than enhancing it. Meanwhile samples with a gradient in tubules get the benefit 

of tubule crack arresters while there are fewer tubules near the impact zone to act as crack 

initiators. Previous authors have postulated about the role of the gradient in tubule density and 

shape within the hoof. Kasapi and Gosline (1996,1997) suggest that the denser tubules near the 

exterior are meant to act as an initial barrier for cracks propagating inward from the outer wall of 

the hoof, to resist bending, or to provide increased stiffness near the wall’s exterior surface. Our 

results suggest that this design is meant to incorporate crack arresters near the edges of the 

material, which prevent cracks from propagating entirely through the material, causing complete 

failure. Instead, the damage is localized in the middle of the sample where the tubules are least 

dense. This is supported by drop tower tests on the hoof itself, where damage to hydrated 

samples was contained in the central portion of the sample. In the hoof, this corresponds to the 

mid-wall where Kasapi and Gosline (1996,1997) identified fiber orientation-related crack 

deflection mechanisms during non-impact tests that direct damage away from living tissue at the 

hoof’s interior. This observation suggests that if damage occurs from impact in-vivo in the hoof, 

it is contained in the mid-wall by the tubular arrangement while further propagation of these 
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cracks from quasi-static loading (say walking or standing on the hoof) will be redirected towards 

the exterior.  

Model 4 sustained the most damage of any design. Unlike Model 1, damage in Model 4 

immediately began to spread into a conical damage shape starting at the impacted surface. In 

Models 5 and 6, the initial cylindrical shape near the impact surface was once again observed. This 

is likely the result of having less stiff reinforcement near the impact zone. However, a notable 

feature of the damage volume for these two models is their jagged fracture surfaces. The denser 

reinforcement on either side of the impact restricted the spread of damage and deflected fracture 

interfaces. In some of the tubules near the damage front microcracks were observed in the tubule 

reinforcement but were arrested at the tubule-matrix interface. Furthermore, the reinforcement 

reduced the number of cracks traveling through the matrix, resulting in more symmetric, localized 

damage. The use of tubular gradients is likely meant to strike a balance between stiffness and 

impact resistance. Without sacrificing the amount of reinforcement, the hoof can improve its 

impact resistance over uniformly distributed tubules features with this arrangement. In Models 7 

and 8, the soft lamellae dampened the impact and absorbed energy via delamination. The back 

face of Model 7 exhibited very little damage other than a few cracks. The segmented damage 

volume shows that the conical damage was arrested at one of the lamellar interfaces and only 

narrow cracks were able to penetrate to the bottom of the sample. The tubular gradient once again 

controlled the damage volume seen in Model 8, with irregular, asymmetric fracture patterns that 

indicate deflection at tubular interfaces. Figure 5.12C shows a cross-section of the internal 

cracking of Model 8 compared to Models 1, 4 and 7. In Models 1 and 4, relatively little 

microcracking was observed, with most damage concentrated in the conical shape directly below 

the impact. In Model 7, several horizontal cracks were observed along the soft-hard lamellar 
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interfaces, with some fiber bridging occurring. In Model 8, many horizontal cracks initiated along 

the lamellar interfaces and radiated outward.  

These tests show that many beneficial failure mechanisms identified in the horse hoof wall 

can be translated into engineered materials by utilizing bioinspired designs. These include 

deflections at tubular interfaces, tubular gradients as a means of fracture control, and soft lamellar 

arrangements dampening impacts and delocalizing damage. However, there are features unique to 

the hoof that are very challenging to replicate. For example, the hierarchically intertwined fibers 

of the tubular reinforcement found in the hoof would be very difficult to recreate in a man-made 

structure. Also, certain failure mechanisms commonly observed in post-impacted hoof wall, such 

as tubule pullout, were not observed in the bioinspired designs. This could be a result of the scale 

difference between the biological structures and the 3D printed designs or from differences in sub-

tubular scale features and properties. 
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Figure 5.12 A) Damage volume after drop tower testing for each of the bioinspired samples, B) 

Visualizations of the damage volume for each model showing how the different arrangements 

control crack propagation, and C) Orthogonal slices through the damage zone of four different 

samples showing the different crack propagation mechanisms. 
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5.3.4.2 Quasistatic tests (Compact Tension) 

Computer aided design depictions of the compact tension models are shown in Figure 

5.13A. The compact tension models consist of the same model designs from dynamic drop tower 

bioinspired designs, but with the addition of two models; one which tests control Model 1 

composed of the stiff reinforcing tubular material and a model which has uniformly distributed 

tubules with an elliptical reinforcing region. For the latter, a shape ratio of 1.62 was chosen as this 

correlated to the most extreme elliptical tubules observed in the hoof by Kasapi et al. [81].   

All fractured samples are shown in Figure 5.13B. Models 1-3, with no reinforcement, 

maintained a relatively straight crack through the sample while Models 4-7, with tubular 

reinforcement composed of the stiffer VeroClear phase, experienced torturous crack deflection 

around tubular regions. Particularly in Models 2 and 3, the crack passes directly through the 

medullary cavities where the cavities act as flaws. Resulting load versus displacement curves 

provide insight for the performance of the models. The averages for each model were plotted in 

Figures 5.13C and 5.13D for control Models 1a and 1b and Models 1a, 2-7 respectively. For the 

control models, Model 1a maintained a smooth curve representing the expected ductile nature of 

the printed material. The stiff Model 1b experienced brittle fracture almost immediately after the 

experiment began. Models 2 and 3, with no reinforced cavities, rendered curves with smaller 

maximum loadings as the crack propagated through the cavities. The maximum loads and overall 

curves for Models 4-7 were greater than for Models 1a, and 2, and 3. The introduction of cavities 

into the bioinspired hoof structure dramatically decreased the mechanical toughness of the 

samples, as noticed by comparing Model 1a to Models 2 and 3, since the cavities act as flaws 

guiding the crack relentlessly through the material. This observation supports Kasapi and Gosline’s 

[467] theory that the hollow cavities are either a manufacturing constraint, meant to reduce the 
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weight of the hoof, or resist co-operative buckling of the individual reinforcing elements under 

longitudinal compression rather than as a means of improving fracture toughness.  

The reinforced tubular structure caused crack deflection that led to torturous crack paths, 

which is attributed to its high energy absorbing behavior. Furthermore, the density gradient feature 

in combination with the reinforced tubular structure exhibited consistent fracture control properties 

due to the congestion of tubules near the crack tip and further implied crack path manipulation. 

Through video correlation, the ridges in the curves of Models 2-7 were caused by a tubule or cavity 

acting as obstacle interface for the propagating crack. When the specimen’s crack path was halted 

by a tubule in the crack path, a ridge was formed in the curve as it required an extra amount of 

load to deviate around or through the tubule. This hypothesis is reinforced by the curve in Model 

1a and 1b, with no tubular features, maintaining a smooth curve throughout.  

The energy absorbed by each model is compared in Figure 5.13E. Models 4-7 rendered 

energy absorption that was nearly two times larger than the control Model 1a, nearly four times 

larger than Models 2 and 3, and nearly six times larger than Model 1b, the stiff tubular material 

alone. While the reinforced tubular structure appeared to have aided in increasing energy 

absorption, another notable result was regarding fracture control. Samples of Model 7 had very 

similar curves and took the same crack path in all three trials generating significantly similar curves 

as shown in Figure 5.13F. On Figure 5.13E, intervals marked on each bar represent standard 

deviation with Model 7 rendering the smallest standard deviation out of the multiple material 

models, trailing behind Models 2 and 3 where their lower standard deviations are most likely due 

to the nonreinforced cavities guiding the crack path. Model 7’s consistency could be due to the 

density gradient feature. By congesting the number of tubules towards the front of the model, the 

crack was guided by the reinforced tubules down a particular ideal path. Model 7, which is most 
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like the hoof, did not absorb as much energy as Models 4-6 did. However, this may indicate a 

tradeoff relationship between fracture control and toughness of a structure. The very slight 

decrease in energy absorption may be a small price to pay for unique fracture control properties.  

Lastly, crack deflection was further quantified by finding the initial angle deflection, the 

angle measured from crack initiation to 50% displacement of the specimen as noted in Figure 

5.14A. Average calculated initial angle deflection for each model is listed Figure 5.14B. Larger 

angles imply greater crack deflection occurring and propagating through a more torturous path 

rather than a straight line. Models 4-7 had overall greater angle deflection, implying that crack 

deflection was highly present during fracture due to the reinforced tubular structure. Likewise, the 

average crack length of each Model was measured and displayed in Figure 5.14C and the average 

crack length was greater by about 3 mm for Models 4-7 than Models 1-3, which likewise implies 

greater crack deflection. Crack deflection can also be generally attributed to the increased energy 

absorbing properties of the tubular structure. While each of the models with reinforced tubules had 

relatively similar crack lengths, the model with all elliptical tubules had the longest crack length, 

likely due to the larger deflections required to circumvent the longer perimeter of each ellipse. 

Kasapi and Gosline [81] suggest that the elliptical nature of the tubules is meant to withstand 

bending or to prevent tubules from collapsing due to circumferential stresses that arise at the edge 

of the hoof wall. However, the elliptical tubules may also play a beneficial role in resisting the 

propagation of orthogonal “quarter-cracks” (an issue in distorted hoof capsules where cracks run 

parallel to the tubules and can cause lameness and infection [468]) by increasing crack tortuosity 

at the exterior portion of the hoof. Meanwhile, the large, circular tubules in the interior, further 

from the location that cracks would be expected to initiate, would be better able to resist 

longitudinal bending and buckling. 
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Figure 5.13 A) Computer aided design models of the compact tension samples. B) Post-fracture 

image of samples. C) Averaged Load(N) vs. Displacement(mm) of Model 1a and 1b. D) 

Averaged Load (N) vs. Displacement (mm) of Models 1a, 2-7. E) Bar graph of average Energy 

Absorbed (MJ) for each model with intervals indicating standard deviation. F) All trials plotted 

in Load(N) vs. Displacement(mm) for Models 1a, 2-7.  
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Figure 5.14 A) Initial Angle Deflection indicated on a fractured sample. B) Funnel graph of 

initial angle of deflection. C) Average Crack Length (mm) measured per each Model from crack 

start to end of sample. 

5.4 Conclusions 

The load bearing horse hoof wall has evolved a unique design and properties to survive the 

demands placed on it in-vivo. Previous authors have identified this evolutionary marvel as a 

remarkable material for engineers to learn from, yet knowledge gaps surrounding the hoof wall’s 

architecture and it’s relation to the compressive, viscoelastic, and impact behavior of the wall 

remained. This study reaches significant conclusions that expand our understanding of the 

structure and mechanical response of the horse hoof wall: 

1. Several features in the hoof wall are quantified and characterized using microCT and 

SEM. Results from previous studies on porosity, tubule density, and tubule cross-

section were confirmed while new values such as average tubule bridge width and 

bridge density are reported for the first time.  

2. Drop tower tests suggested that these previously unexplored features play a mechanical 

role in the hoof wall, stabilizing the hollow medullary cavity, and being the first part 

of the tubule to crack during an impact scenario.  

3. Other fracture mechanisms observed by previous authors were noted after drop tower 

tests such as tubule pullout and deflections at the tubular and lamellar interfaces. 
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However, our impact fractogaphy results contradict the analysis of tensile fracture 

presented by Kasapi and Gosline [79,81] and Bertram and Gosline [80,97] who suggest 

that cracks nearly always prefer to propagate along the intertubular IF orientation.  

While the intertubular fiber orientation leads to a slight deviation in crack path during 

impact, the tubules dominate the fracture pattern, particularly at lower impact speeds. 

At higher impact energies, cracks more commonly propagate between the intertubular 

lamellae, but fractures still traveled through the sample along the tubular axis.  

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

fibers play a key role by intertwining the tubular reinforcement with the matrix. These 

observations reveal unique mechanisms that are not normally observed in synthetic 

composites such as tubule bridging or arresting where tubules extrinsically toughen the 

hoof by spanning crack interfaces or by arresting propagation at the tip altogether. The 

fibrous entanglement with the matrix also strengthens the interphase zone of the 

composite, requiring more energy to induce delamination or pullout of the reinforcing 

phase since fibers need to be ruptured to do so. This architecture is challenging to 

replicate but offers an ingenious design motif to improve composite materials, which 

can be limited by the ability of the reinforcement to adhere to the matrix. 

5. To test the role of hydration on the impact resistance of the hoof, drop tower tests were 

performed at two different hydration states. The samples equilibrated at 50% relative 

humidity showed minimal damage with most samples exhibiting a small dimple at the 

impact zone. All samples in the 25% relative humidity environment developed cracks 

with most samples cracking through the thickness of the sample in multiple places.  
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6. Quasi-static compression was used to build a better understanding of the ductile-brittle 

transition in the hoof. Samples hydrated to 30% water content exhibited a ductile 

behavior across all strain-rates (10-4s-1-100s-1) while samples hydrated to 10% water 

content consistently showed brittle behavior dependent on catastrophic events that 

began around 0.15 strain. Young’s moduli and strain-rate sensitivity were also 

determined and were in range with those of other keratinous materials. 

7. Relaxation tests revealed that samples hydrated to 20% water content dissipated more 

stress, faster than samples hydrated to 10% or 30% water content. In the hoof, this is a 

very useful trait, since there is a hydration gradient, and therefore stiffness gradient, 

that exists through the hoof’s thickness leading to loading differentials and internal 

stresses between the interior and exterior. Twenty percent water content by weight 

seems to be an ideal optimization for the hoof’s exterior that maximizes relaxation 

speed (reducing internal stresses) while increasing stiffness.  

8. Fitting the relaxation data to a Maxwell-Weichert model using a Prony series showed 

that this quicker relaxation was due to the hoof’s mesostructural features. Further, the 

hoof’s relaxation due to mesofeatures is faster than that of other keratinous materials, 

such as hair, where being able to quickly recover from loading may not be as 

evolutionarily important.   

To show that the benefits of the hoof wall’s design can be translated to engineered 

materials, bioinspired designs were fabricated using a multi-material, 3D printer to replicate the 

tubular, lamellar, and gradient arrangements found in the hoof. These specimens were subjected 

to drop tower and fracture toughness tests which showed the interaction of matrix and tubules: 
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1. Drop tower tests on single material samples showed that tubules act as both crack 

arresters as well as crack initiators. In samples with uniformly distributed tubule 

cavities the material weakness introduced by the cavities outweighed the benefits of 

cavities arresting cracks. With the introduction of a gradient in tubule cavity density, a 

decrease in damage was observed. This likely results from the fact that fewer tubules 

are located near the impact zone to act as initiators while more densely packed tubules 

further from the impact zone continue to arrest crack propagation. The introduction of 

a more brittle reinforcing phase predictably increased the total damage observed in the 

samples. However, the application of a gradient again led to a decrease in damage 

relative to samples with a uniform tubule distribution. This highlights that a gradient in 

reinforcement density can be used to improve impact resistance without reducing the 

amount of reinforcement in the material. The addition of soft lamellae further reduced 

the overall damage of the samples. Much like the drop tower tests performed on hoof 

samples, impact tests on the 3D printed samples led to crack deflections along the 

tubular and lamellar interfaces.  

2. Compact tension fracture toughness tests on 3D printed samples showed a large 

increase in crack deflection angle and crack length for samples with reinforcement. 

While gradient samples showed a slight drop in energy absorbed, they produced 

predictable fracture patterns with very little deviation in mechanical response between 

samples.   

The present study shows that the hoof contains several unique structure-property 

relationships that enable it to survive its environmental demands. Its mesostructure improves 

impact resistance while also allowing it to reduce internal stresses via rapid viscoelastic relaxation. 
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The importance of several architectures such as cavity bridges and reinforcing elements that are 

physically intertwined with the matrix were identified and these features offer inspiration for future 

study. Other previously identified aspects of the hoof wall such as tubules, lamellae, and gradient 

configurations show significant promise as design elements in engineered materials and warrant 

continued research, particularly as designs to be used in tandem. 
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Chapter 6. In-situ Microcomputed Tomography of the Horse 

Hoof 

6.1 Introduction 

The horse hoof wall is an incredibly impact resistant biological material which contains 

many design motifs that provide impact resistance [75]. One of the most characteristic structures 
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of the hoof wall are the hollow reinforced tubules which provide stiffness [78,100] as well as 

fracture toughness [80–82] and impact resistance [79,469]. The role of the tubules has been well-

studied with regards to fracture propagation and crack control. Several studies have shown that 

tubules can redirect cracks away from the living tissue at the interior of the hoof and create tortuous 

fracture paths within the hoof wall [81,82,469]. Yet, there are still open questions regarding the 

configuration of the hoof wall’s tubules. For example, the hoof wall contains a well-documented 

gradient in tubule dimensions with densely-packed, smaller, elliptically-shaped tubules near the 

hoof’s exterior and spaced-out, larger, circular tubules near the interior. Previous authors have 

debated whether this is meant to create a barrier for cracks initiating at the hoof’s surface [81,99], 

provide a smooth transfer of energy through the hoof wall [470], resist bending of the tubules 

[467], or is simply a residue of manufacturing constraints at the proximal generative tissue [467] 

but no definitive conclusion has been put forward. Furthermore, while Huang et al. [78] showed 

that tubules completely densify by 60% longitudinal strain, correlating to a steep increase in the 

stress-strain curve of hoof wall material, the highly anisotropic hoof wall experiences multi-

directional loading conditions owing to its complex shape [98,450]. Little is known about the 

behavior of the tubules when loaded in the transverse and radial directions, which could unlock 

the mystery of the complex reinforced-composite design of the hoof wall. Previous authors have 

also debated why the tubules are hollow, suggesting that this design would perform better if solid 

and arguing that its structure is merely a manufacturing constraint [81,82].  

Bridges traversing the hollow medullary cavity at the center of the tubules in the hoof wall 

were first observed by Kaspai and Gosline [467] and later Huang et al. [78] however the authors 

offer no hypothesis regarding the role of these features. Lazarus et al. [469] identify and quantify 

tubule bridges providing a bridge density (~111 μm between bridges) and an average bridge 
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thickness (10.3 μm). The same study also used post-impact fractography to suggest that these 

bridges play a role in stabilizing the tubule. The results showed that bridges are one of the first 

features in the hoof to rupture and that their failure absorbs impact energy which helps keep the 

tubular reinforcement intact. However, this provides an incomplete understanding of the 

mechanical role of bridges in the tubule and their behavior during loading. Furthermore, this failure 

mechanism was only observed in the dry state and it has been repeatedly shown that the hoof 

behaves quite differently when hydrated. 

Many other systems in nature such as bone, dentin, antler, and wood have evolved tubular 

structures that play an important mechanical role in resisting compressive loading. Yet, amongst 

these the hoof is unique. It is composed of dead cells with sutured interfaces (shown in Figure 

6.1A) that are filled with keratin fibers (shown in Figure 6.1B and C) and are incapable of repairing 

and remodeling if the hoof is damaged. And, unlike its bony counterparts, is not mineralized and 

therefore can be much more ductile, particularly when hydrated. As such the structure of the load-

bearing hoof wall has deviated from the architectures of these other materials, incorporating unique 

design gradients and bridging elements. In this study, 4D microCT is used to provide insight into 

some of the decades old questions surrounding the hoof wall’s microarchitecture and to provide 

blueprints for the design of engineered composite materials. This technique affords researchers the 

opportunity to observe the microstructural deformation behavior of a material as it is occurring, 

instead of trying to piece together what occurs during loading retroactively by observing the 

surfaces of failed samples. As a result, time-dependent phenomena such as buckling and bending, 

which may relax after testing or be interrupted by rupture and critical failure, can be observed.  
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Figure 6.1 TEM images revealing the A.) cellular structure with its sutured interfaces as well as 

B.) cross-sectional and C.) longitudinal views of the intermediate filament structure in the hoof 

wall. 

Furthermore, in-situ microCT testing can be used to capture time-dependent relaxation 

behavior to understand the structure-induced viscoelasticity of a material. Lazarus et al. [469] 

modelled the viscoelastic nature of hooves under compression and found that meso and microscale 

features of hoof keratin allow it to relax faster than other keratinous materials like hair. Using in-

situ microCT we can directly observe the relaxation behavior of hoof features and attach the 

microstructural deformation events to the macroscale behavior. A similar approach can be used to 

visualize how cracks propagate through the hoof wall and how this plays into the results of 

previous authors [79,81,82,469]. 

This chapter is broken into three parts. The first uses compressive in-situ microCT to test 

the effect hydration, loading orientation, and location (interior vs exterior) have on the deformation 

behavior of the hoof wall’s features. The second portion focuses on the relaxation behavior of the 

hoof wall and how the features in the hoof behave after a loading event. The final section utilizes 

in-situ compact tension tests to analyze the fracture behavior of the hoof wall. 
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6.2 Methods and Materials 

6.2.1 TEM 

 TEM samples were prepared from slices of hoof taken from the central toe region. Samples 

were fixed a in 2% glutaraldehyde solution in sodium cacodylate (CaCO) buffer for a period of 

two hours at room temperature. Samples were then washed in a CaCO buffer three times for ten 

minutes each. Samples were post-fixed in a 1% osmium tetroxide solution, with 0.8% potassium 

ferricyanide and 5 mM calcium chloride in CaCO buffer, for an hour, protected from light. Samples 

were then washed again in the CaCO buffer three times for ten minutes each. Following the wash, 

samples were dehydrated in a series of increasingly concentrated (30%, 50%, 70%, 90%, and 

100%) acetone solutions at room temperature for 10 minutes each step. The final step was 

performed twice before the sample was submerged in super dry acetone. Samples were then 

infiltrated with PolyBed 812® resin at room temperature and constant slow agitation, for at least 

6 hours each, in the following proportions: 

• Resin/super dry acetone molar ratio 1:2; 

• Resin/super dry acetone molar ratio 1:1; 

• Resin/super dry acetone molar ratio 2:1; 

• Resin/super dry acetone molar ratio 3:1; 

• Pure resin. 

Each sample was assembled in a Beem capsule® and polymerized for 60 hours in an oven at 60 

°C. Samples were scanned using a JEOL (Tokyo, Japan) TEM-1230 transmission electron 

microscope. 
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6.2.2 In-situ microcomputed tomography 

In-situ microcomputed tomography experiments were performed at the Lawrence Berkeley 

National Laboratory Advanced Light Source on beamline 8.3.2. Three different tests were 

performed on hoof samples; compression tests, relaxation tests, and compact tension tests. Scans 

were taken at 22 keV using a camera exposure of 225ms, an Optique 10x lens, 20 μm LuAGb 

scintillator at 130 degs, focus of 17.345mm, and a tilt of .579um. Scans took around 7 minutes to 

run. The projections were reconstructed with a custom software (https://microct.lbl.gov/software) 

produced by ALS beamline scientists. Reconstructed stacks had a pixel size of 0.64 μm and were 

analyzed with ImageJ/FIJI and the Volume viewer plugin. Two series of tests were performed. 

The first consisted of compression and compact tension tests. Relaxation tests were executed 

during the second round of experiments. To increase consistency and precision, an improved 

hydration technique was used during the second round of experiments.  

6.2.3 Compression tests 

5x5x5mm^3 samples were taken from central toe region of the hoof wall. For compression 

tests, samples were scanned at compression intervals of 10% or 20% strain either until 80% strain 

or until the sample failed. Samples were tested at three different hydration levels; hydrated, 

ambient conditions and dry. All samples were oven dried at 100 °C for 72 hours. Immediately after 

being removed from the oven, dry samples were sealed in two plastic bags with desiccant for 

transportation. Hydrated samples were soaked in water for 24 hours prior to testing while ambient 

condition samples were allowed to equilibrate for several weeks prior to testing. Ambient 

condition samples were prepared to be tested in each of the three axial directions; longitudinally 

(along the tubule axis), radially (along the exterior-interior axis of the hoof), and transversely 

(sometimes referred to as circumferentially, this is along the hoof wall’s thickness). To understand 

https://microct.lbl.gov/software
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how the different tubule geometries and configurations that exist through the hoof wall’s thickness 

behave during loading, samples were taken from the interior and exterior of the hoof wall and 

compressed along the longitudinal axis for comparison.  

6.2.4 Compact tension tests  

Compact tension samples were machined out strips of the hoof following ASTM D5045 

with the crack oriented along the radial axis using a Haas TM1 (Haas, Oxnard, CA, USA). 

Aluminum jaws were used to cut a pocket in the shape of the sample and then an endmill to cut 

the pieces. Care was taken to ensure that small cuts were made, and samples were cooled with 

water during cutting. Owing to the narrow thickness of the hoof wall, samples could only 

consistently be cut to be 10x10mm. To facilitate tomography scans, 1mm thick samples were used 

allowing a good signal to be transmitted to the detector.  A precrack was introduced at the end of 

the slit using a razor blade. Custom made clevis grips were prepared to attach the sample to the 

tensile rig in the microCT beamline. Scans were performed at intervals of 100 μm until the crack 

propagated entirely through sample. Hydrated, dry, and ambient condition samples were tested.  

6.2.5 Relaxation tests 

5x5x5mm^3 samples were taken from central toe region of the hoof wall. Samples were 

scanned prior to testing (the initial samples), then loaded to set strains (20%, 40%, 60%, and 80%) 

and scanned immediately after compression, and then scanned again after a 5-minute period of 

relaxation.  One sample was also compressed in a scaled fashion, reaching 80% strain in 20% 

strain increments with incremental relaxation periods between loadings.  Samples were also tested 

at two different initial hydration conditions (dry and hydrated) and two different relaxation 

conditions (ambient or water immersed). All samples initially were oven dried at 100 °C for 72 

hours and then sealed similarly to compression test samples. Hydrated samples were soaked in 
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water prior to experiments, until the samples reached a water content of 17.5% ± 1.26, calculated 

by comparing the weight of the sample dry versus after soaking. In ambient relaxation conditions 

after loading, the samples were left in an open container exposed to ambient conditions. In water 

immersed relaxation condition during loading, there was an attempt to consistently wet the sample 

during the beamline experiment by covering a wet, hydrated sample with plastic wrap. After 

loading, the sample was then submerged in water. Sample dimensions were tracked in recovery 

using digital calipers, routinely for the next twelve hours. 

6.2.6 Finite Element Analysis 

Using images obtained from the tomography experiments, digital 3D models were created 

in Solidworks 2021, replicating observed tubule bridges. Models were direct interpretations of 

imaged cavity bridges with secondary models created that emulated the same cavity but without 

the bridge. Modeled cavities were embedded in a thin plane, drawn roughly to scale. These models 

were then imported into Ansys Workbench 2022 R2 for simple, static structural simulation. A 

custom material library for hoof wall was created and applied using previously reported elasticity 

properties. Ansys Mechanical was used to set Fixed Support and prescribed Displacement 

conditions, pinning, and compressing the model varying in the radial and transverse loading 

directions and with or without bridge cavity support. Total strain energy was calculated by the 

model simulations and reported.  

6.3 Results and discussion 

6.3.1 Compressive behavior  

When compressed, tubules tend to behave as a cohesive unit, likely due to the 

reinforcement that surrounds the medullary cavity, buckling into an “S” shape. In untested hooves, 

tubules often exhibit some waviness along their longitudinal axis, undulating back and forth in 
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both the radial and transverse directions (a schematic of the hoof wall’s axes nomenclature is 

shown in Figure 6.2A). This initial waviness (Figure 6.2B) provides a template for the tubules’ 

motion during compression. The bowed portions of the tubules become exaggerated, and the 

amplitude of the waves increases as the hoof is compressed longitudinally. Buckling is the most 

common failure mode of engineered composite materials in compression, and it generally is 

accompanied by shear band kinking, where lateral cracks develop in the reinforcing elements 

[471–473]. Such failure mode leads to a precipitous drop in stress and the overall toughness of the 

composite. However, in hydrated and ambient hoof samples, the tubules buckled significantly 

without exhibiting kinking. This behavior has been reflected in the stress-strain curves measured 

in previous studies, where the stress level continues to rise throughout compression. Such a 

constitutive response is likely because the reinforcement is composed of a relatively soft and 

ductile polymeric material. Generally, composite engineers try to avoid failure from buckling, 

since shear-induced fractures occur at lower stresses than those that form during uniaxial fiber 

crushing. However, in hooves, this tradeoff may not be the case. 

 

Figure 6.2 A) Schematic of the hoof showing the orientation of the different axes in the hoof and 

their nomenclature. B) Individual tubules extracted from microcomputed tomography (microCT) 

scans showing the wavy nature of the tubules. 
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The cavity bridges provide a degree of resistance to tubule collapse during compression. 

Figure 6.3A shows a longitudinal cross-section of the same interior tubule being compressed 

radially at different strains. After 10% strain, small amounts of bridge and tubule wall deformation 

can be seen throughout the tubule, with slightly more seen in the top portion of the tubule where 

the bridge density is lower. By 20% strain, nearly the entire tubule has collapsed in the region with 

fewer bridges, while small pockets survive between the compacted bridge material in the lower 

portion of the tubule. Figure 6.3B shows a perpendicular cross-section of several exterior tubules 

compressed in the transverse direction. Much like the radially compressed tubules shown in Figure 

6.3A, these tubules collapsed more in areas with less bridging and experienced buckling of the 

tubule wall in the unsupported pockets. Meanwhile, in regions with more bridge support, bridges 

were observed buckling and deforming into characteristic “S” shapes, while the tubule walls 

maintained their geometry.  

 

 

Figure 6.3 A) Microcomputed tomography (microCT) scans of tubules hydrated at ambient 

conditions compressed radially, showing how the tubules collapse first in regions with less dense 

bridging. B) MicroCT scans of tubules compressed in the transverse direction, highlighting how 

bridges can help prevent collapse, relative to regions without bridges (scale: each of the microCT 

images shown in this panel is a square of 100 μm × 100 μm). 
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Thus, the bridges play an important role in helping the tubules maintain their structural 

integrity while also increasing the amount of energy the hoof wall can absorb when compressed. 

Figure 6.4A depicts a typical interior tubule with a bridge compressed in the radial direction, and 

Figures 6.4B-E portray a finite element analysis of this scenario with and without the bridge 

compressed in the radial and transverse directions. When compressed in the transverse direction, 

the bridge, understandably, only has a minor effect on the strain energy absorbed. However, when 

compressed in the radial direction, the model with the bridge absorbed over 50% more strain 

energy than the model without.  
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Figure 6.4  A) Microcomputed tomography (microCT) scans showing an example of a radially 

compressed tubule and bridge. This example was used as a blueprint for finite element analysis 

(FEA) models examining samples compressed in the transverse direction B) with and C) without 

the bridge, as well as in the radial direction D) with and E) without the bridge. The total strain 

energy absorbed during compression was calculated and is listed in each panel. 
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6.3.1.1 Variations by water content 

 

 

Figure 6.5 Three-dimensional renderings of microcomputed tomography (microCT) scans taken 

of dried hoof wall samples compressed in the longitudinal direction at intervals of 10% strain. 

Dark jagged features beginning at 20% strain are cracks propagating within the sample.  

The water content of the hoof appears to affect the hoof’s mode of failure strongly. In 

agreement with [3,8], it is found that hydrated hoof tubules will buckle under compression, 

whereas a dried hoof will crack before the microfeatures experience much deformation. Figure 6.5 

shows the progression in increments of 10% strain of a dry hoof sample cracking under 

compressive load. Formation of large black splotching are cracks weaving between the tubules 

and tubule bridges and begin to initiate between 10% and 20% strain. Tubules begin to bend 
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towards the top of the field of view at around 30% strain until a clean fracture occurs at 50% strain, 

shearing off the tops of the tubular cavities.  

 

Figure 6.6 A side-by-side comparison of microcomputed tomography (microCT) scans of wet and 

dry samples compressed to 30% in the longitudinal direction. Wet samples exhibit much more 

tubule buckling and cavity collapse, while dry samples form diagonal cracks. 

A direct comparison of a wet and dry hoof is demonstrated in Figure 6.6, showing the initial 

tubular cavities and their configuration at 30% strain. At 30% compressive strain, the dry hoof 

cavities show minimal deformation, but cracks form around the cavities. As for the wet hoof 

sample, no cracks are observed. Instead, parts of the cavities begin to densify as the tubules deform 
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into an “S” shape. Very little deformation was observed in the bridges of dry samples, even just 

before the onset of fracture, as shown in Figure 6.7. 

 

Figure 6.7 Microcomputed tomography (microCT) scans of a dry sample compressed in the 

longitudinal direction showing cracking but minimal deformation of the tubule bridges.  

6.3.1.2 Variations by location 

The density, size, and shape of the tubules vary based on their location within the hoof 

wall. In the interior, tubules tend to be less densely packed, larger, and more circular (although all 

tubules are elliptical in shape) compared to the exterior portion of the hoof. Leach [440] found that 

the inner wall had a much lower modulus of elasticity than the outer wall, reaching values of 62.5% 

when compressed along the tubules and just 51% when tested in the other two directions. Leach 

also suggests that the outer wall has a resilience that is 1.5-2 times greater than that of the inner 

wall.  
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Figure 6.8 Images extracted from in-situ microcomputed tomography (microCT) scans showing 

longitudinal cross-sections of samples compressed along the tubule axis. Images on the left show 

individual tubules from exterior samples, while those on the right show those of interior samples 

(scale: each of the microCT images shown in this panel is a rectangle of 100 μm width). 

The in-situ microCT results showed that tubules in interior samples compressed 

longitudinally collapsed at lower strains, being nearly completely densified by 40% strain. 

Meanwhile, exterior samples were often able to maintain their internal features until 60% strain. 

Interestingly, tubule features in the exterior of the hoof wall show noticeable, progressive damage 

during compression, including cavity collapse and bridge buckling. Interior samples, however, 

exhibited minimal deformation before collapse. These phenomena can be seen in Figure 6.8, which 

shows tubules compressed in the longitudinal direction. However, this trend is consistent amongst 

tubules compressed in all directions. This observation supports the mechanical findings of Leach 

[18]. One possible explanation for this behavior could be the effect the difference in tubule size 

and shape has on the bridge behavior. In the larger interior tubules, the bridge span is longer, 

particularly in the radial direction (along the minor axis of the more elliptical tubules), which could 
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reduce the resistance provided by the tubule bridges relative to the smaller, elliptical tubules at the 

exterior.  

6.3.1.3 Variations by loading orientation 

Thomason et al. [12] used strain gauges mounted on living horses’ hooves to determine 

that the hoof wall experiences significant lateral biaxial deformation during locomotion. Biaxial 

strains primarily arise due to heel-spreading and load transfer between the exterior and interior 

portions of the hoof. The authors regard the hoof as a multi-directional composite that can 

withstand strains in every loading orientation. Leach [18] and Huang et al. [3] found that the hoof’s 

properties vary by loading orientation and that, surprisingly, the hoof can be stiffer perpendicular 

to the hollow, reinforcing tubules. Thomason et al. [12] suggest that this behavior is meant to resist 

these biaxial loads. Further, Huang et al. [3] found that the hoof wall absorbs more energy when 

compressed in the radial direction relative to the other two orientations. However, beyond these 

macroscale mechanical observations, there is little understanding of why this behavior arises from 

the hoof wall’s microstructure. 

In-situ microCT scans revealed that the tubules compressed in the radial direction collapse 

at a lower imposed deformation than the others. Figure 6.3A shows how tubules compressed in 

the radial direction are nearly entirely densified by 20% compression, while Figure 6.3B 

(transverse) and Figure 6.8 (longitudinal) show tubules compressed in different directions 

retaining most of their structural integrity at 20% strain. A cross-section of this phenomenon can 

also be seen in Figure 6.9A. 

The scans also revealed that regardless of the compression direction, tubules almost always 

prefer to collapse along the radial axis (which corresponds to the minor axis of the elliptical 

tubules). This behavior is particularly surprising in samples that are compressed in the transverse 
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direction (Figure 6.9A). Much like samples compressed in the radial direction, bridge buckling 

was observed, while regions without tubules collapsed at lower strain values. This finding suggests 

that the tubules are more resistant to loads in the transverse direction. There are several possible 

factors that could lead to this modality. One reason is that the elliptical tubules have more 

reinforcement along the transverse axis than in the radial direction, increasing the transverse 

stiffness of the tubules in that direction. Beyond the sheer quantity of reinforcement, the 

configuration of the reinforcement might also play a key role. Kasapi and Gosline [6] observed 

variations in the intertubular intermediate filament orientation through the hoof wall’s thickness. 

However, regardless of location, tubular fibers tend to “flow” around the hollow medullary cavity. 

The result of this arrangement is that more fibers that compose the tubule walls are oriented in the 

transverse direction and form a reinforced arch along the major axis of the tubule, further stiffening 

the tubules against transverse loading (Figure 6.9B). During radial compression the tubule collapse 

easily along the flattened curves (emphasized in green) formed by fibers along the tubule’s long 

side (Figure 6.9C). This behavior likely occurs during transverse compression as well because the 

softer intertubular matrix material is more easily compressed than the fibrous arches along the 

major axis (emphasized in pink). As the matrix compresses, it expands laterally, pushing on the 

walls of the tubule in its weakest orientation, the radial direction (Figure 6.9D). These results align 

with the findings of Huang et al. [3] and Leach [18], who found that macroscale hoof samples are 

stiffer in the transverse direction than in the radial direction. Furthermore, their results show that 

during compression in the longitudinal and transverse directions, samples plateau at around 50 

MPa between ~2.5%-40%. Radially compressed samples, on the other hand, experience a linear 

increase in stress over this interval before experiencing a steeper stress-strain relation, which aligns 

well with the assertion that tubules densify more easily in this orientation. 
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Figure 6.9 A.) Extracted images from microcomputed tomography (microCT) scans of individual 

tubule cavities being compressed in the transverse direction to 20% and 40% strain (scale: each of 

the microCT images shown in this panel is a square of 100 μm × 100 μm) B.) SEM image showing 

the fibers composing the tubule walls with fiber orientation perpendicular to radial loading 

emphasized in green and fiber orientation perpendicular to transverse loading emphasized with 

pink. C.) Samples compressed in the radial direction collapse easily along the minor axis of the 

tubules partially due to the weakness of the tubule wall’s fiber orientation. D.) The arched fibers 

perpendicular to the tubules major axis resist transverse loading and instead tubules are 

compressed by the expansion of the matrix.  
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The tubule bridges are likely meant to compensate for this radial weakness. Most bridges 

are oriented along the radial axis, providing resistance to collapse and absorbing energy by 

buckling when tubule densification occurs. However, few, if any, bridges run perfectly 

perpendicular to the minor axis, and bridges rarely span the middle of the tubule, which is the most 

unsupported and most susceptible to buckling. If the bridges were truly meant to prevent the 

collapse of the tubule cavities, this would be the ideal placement and location. Instead, the bridges 

often cross the tubule’s major axis at various angles, initiating and ending near the tubule’s edges. 

The effect of this arrangement is that different parts of the tubules cross-section collapse at 

different stress levels. This distribution of support leads to a cascading failure mechanism that 

ensures that all the cavities do not compress simultaneously. Instead, areas with less support 

material fail first, followed by regions with bridges that are oriented closer to perpendicular to the 

loading and then progressively by areas with bridges oriented closer to parallel to the loading. This 

effect is further augmented by the irregular and varied thicknesses and geometries of the bridges.  

Thomason et al. [12] found that the principal strains experienced within the hoof change 

during a horse’s gait are often oriented at an angle to both the tubules and intertubular material and 

can vary between horses owing to differences in hoof geometry, stance, and size. As a result, 

complex loads can be experienced within the hoof. The distribution of bridge angles, thicknesses, 

and spacing has the added benefit of being well adapted to handling loads from any direction.  

The role of the hoof tubules and their hollow medullary cavities have long been debated. 

It had been suggested that the hollow cavities are meant to transport moisture through the hoof or 

provide resistance to bending while reducing the overall weight of the hoof, only to be disproven 

[11]. Huang et al. [3], Lazarus et al. [8], and Kasapi and Gosline [4,6,7,11] showed that the tubule 

walls act as reinforcement, control crack propagation, and absorb energy via debonding from the 
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matrix. Yet, the role of the hollow center, and the recently described bridges, remained a mystery. 

Here, we propose the following explanation regarding the function of these features and their 

behavior. The cavities are meant to act as collapsible elements that can absorb strain energy during 

compression and, when the hoof is sufficiently hydrated, sustain plastic damage before the rest of 

the hoof wall. Due to the elliptical shape and fiber alignment of the reinforcement around the 

cavities, the tubules are weaker in the radial direction and prefer to collapse along this axis 

regardless of the compression direction. To improve the energy absorption of this failure 

mechanism, bridges span the tubule cavity, generally oriented along the radial axis, and buckle as 

the tubule collapses. These contorted bridges may also have the added benefit of helping the 

tubules recover their shape after collapsing. Predictably, the larger tubules at the interior of the 

hoof collapse at lower strains than the smaller ones near the exterior. Such failure mode may be 

preferable because the more hydrated tubules near the interior are more capable of recovering (as 

discussed in the next section), and, thus, it is ideal for them to collapse first. Since the hoof wall 

cannot remodel and repair itself, it would be detrimental to have all the cavities collapse at the 

same stress level, effectively making the fail-safe cavities a one-time use feature. To ensure that 

this does not happen, the thickness, orientation, and dimensions of the tubule bridges vary 

throughout the medullary cavity. The result is that different tubules and even different regions 

within a tubule collapse at different strains, beginning with the most recoverable tubules at the 

interior. On the macroscale, the result is a smooth stress plateau until 40% strain, during which 

only a few regions of the tubule cavities collapse at a time. 
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6.3.2 Relaxation Behavior 

 

Figure 6.10 Comparison between the sequentially and monotonically loaded relaxation samples 

showing the progression from initial states through compression and relaxation periods. Plot of 

compressive stress (MPa) over time (seconds) for the two samples are depicted alongside. Orange: 

single loading to 60% of maximum stress and relaxation. Blue: sequential loading and relaxation 

to 80% of maximum stress. 

 The hoof wall displays significant viscoelastic behavior, as reported by Lazarus et al. [1]. 

Tomography imaging provides a unique glimpse into the appearance of what these hoof tubule 

cavities internally as they relax and recover from loading. Figure 6.10 shows two hydrated hoof 

samples, one sample compressed monotonically to 60% and released and another sample that 

experienced incremental compression and relaxation cycles up to 80% strain. Figure 6.10 displays 

a section of select tubules from each sample at each step. In the sequentially loaded sample, there 

appears to be little to no deformation change during 20% strain, 40% strain, and their respective 

relaxation periods. By 60%, the sample begins to bend, behaving similarly to the hydrated 
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compression tomography experiments. The relaxation period that follows the compression step to 

60% shows the cavities bending back to their original shape, even within a few minutes. At 80% 

strain, the bending pattern seen at 60% strain is accentuated. Likewise, the relaxation period allows 

the cavities to recover and bend back. However, for the monotonically compressed sample sample, 

cavities collapse and no longer appear once compressed to 60%. This behavior is dissimilar to the 

sequentially loaded sample, where it seems that the sample’s cavities did not collapse as easily.  

However, upon relaxation, a few of the cavity sections begin to reappear, implying that the tubules 

are stretching back out after being compressed rapidly. Not only does the sequentially loaded 

sample visually show an impressive recovery behavior, but it also shows a stark decrease in 

maximum stresses experienced. At 60% strain, the sequentially loaded sample experiences a 

maximum load of 43 MPa, which is significantly less than the monotonically compressed sample, 

81 MPa, which is even greater than the maximum load achieved at 80% strain with the sequentially 

loaded sample. Additionally, during 60% compression, the monotonically compressed sample 

stress relaxes by 44.4% within 593 seconds, whereas the sequentially loaded and relaxed sample 

relaxes by 53.5% within 500 seconds. These findings correlate strongly with the results reported 

by Lazarus et al. [1] and provide supporting evidence that the hoof wall does have the ability to 

quickly dissipate compressive stresses through viscoelastic relaxation at the mesoscale. As 

previously suggested, such dissipation is particularly advantageous for the repeated loadings a 

galloping horse would experience, where preventing a build-up of strain could contribute to the 

hoof wall’s durability. 

6.3.2.1 Hydration Specific 

Water content plays a significant role in the relaxation properties of the hoof wall [8]. The 

relaxation of the hoof wall was studied in the longitudinal direction, the predominant loading 
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direction in the hoof wall. Following the hydration control process, measurements were taken to 

quantify how moisture affects the volume of the hoof wall. It was found that as samples were 

hydrated from 0% to 15% water content, there was an increase in the volume of about 13%. With 

this increase in volume, the width and thickness experience the most change, 6% and 4%, 

respectively, whereas little change (just 2%) occurred along the height (longitudinal direction). 

This could be due to the IF orientation; when water molecules penetrate materials composed of 

alpha-helices with crystalline IFs, the nanoscale matrix that the IFs are embedded in absorbs water 

and expands while the IFs remain largely unchanged [19]. Thus, the material is expected to expand 

more perpendicular to the IF orientation.  

 

Figure 6.11 A) Schematic of hoof wall sample dimensions used for 4D microcomputed 

tomography (microCT) experiments. B) Compressed hoof wall sample’s macroscopic recovery 

when submerged in water over a 10 hour period. C) Plot of % Height Recovered vs. Time Elapsed 

(minutes) on log scale of relaxation samples. D) MicroCT scans of the water relaxation sample at 

its initial state, 60% strain state, after 5 minutes of relaxation and after 2 hours of water 

submergement relaxation. 

Figure 6.11 shows four hoof samples that were all compressed to 60% strain and allowed 

to relax in four different conditions. For water, sequentially loaded, and monotonically-loaded 

relaxation, samples were initially hydrated to 15% water content prior to testing. The sequentially 

loaded sample was compressed in increments of 20% strain with allowed relaxation periods 
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between loadings. After testing, the sequentially and monotonically loaded relaxation samples 

were left out in ambient conditions, whereas the water relaxation sample was placed in water. The 

dry relaxation sample had around 0% water content initially before testing. After testing, the dry 

relaxation was left out in ambient conditions. Out of all four samples, the water relaxation sample 

appears to have fully recovered, even regaining 103.8% of its original height after 10 hours of 

water recovery. Additionally, a glimpse of the water-relaxed sample cavity tomography is shown 

in Figure 6.11. Under 60% strain, the two depicted tubules bend significantly as bridges between 

cavity pockets begin to collapse. After the momentary relaxation period, the two tubules appear to 

straighten back upwards. After recovering in water for two hours, the two tubules appear to regain 

a semblance of their original shape and detail. The sequentially loaded relaxation sample 

performed better than the monotonically loaded relaxation sample achieving about 10% more of 

its own height recovery than the monotonically loaded sample by the end of the experiment. Within 

the first few minutes of hoof recovery from 60% compression strain, all samples at least recovered 

70% of their initial shape.  

6.3.3 Fracture Behavior 

 One of the most intriguing mechanical aspects of the hoof wall is the ability of its structure 

to control fracture behavior. Several design strategies are utilized to accomplish this, including 

varying the intermediate filament orientation and using the weak planes between them in the 

intertubular region to redirect cracks away from the living tissue inside the hoof wall [6]. The 

tubules, however, also play a key role, particularly in the innermost and outermost regions of the 

hoof, where cracks prefer to propagate along tubule interfaces with the matrix [7]. This observation 

was determined from post-fracture imaging on compact tension specimens. Post-impact 

fractography showed that tubules redirected cracks, causing tortuous crack paths and that the 
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tubules could even act as crack bridges and arresters [8]. The following section uses compact 

tension tests to detail fracture behavior in the hoof as cracks propagate.  

6.3.3.1 Effect of structure 

Several toughening mechanisms suggested by previous authors were confirmed with in-

situ microCT. For example, the tortuous crack paths that arise from the tubule architecture can 

clearly be seen in Figure 6.12. To capture the tortuosity of the fracture, the centerline of the crack 

was traced (shown in blue) and measured and compared to the total lateral distance (shown in 

green) traveled by the crack. The ratio of these two values was calculated from measurements at 

35 evenly spaced slices through the thickness of the sample, giving an average value of 1.24 and 

1.32 at 500 μm and 1000 μm extension, respectively. This result suggests that the deflection caused 

by the tubules increases crack length by approximately 20%-30%. This is ~10% higher than that 

of the hoof-inspired 3D printed samples tested by Lazarus et al. [8]. 
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Figure 6.12 A-C) Images extracted from a series of microcomputed tomography (microCT) scans 

showing crack propagation within the hoof wall under ambient conditions. The number in the top 

right indicates the crosshead extension distance for the compact tension samples. C) Procedure for 

taking crack measurements; the blue line shows how the crack length was measured, while the 

green line measures the lateral distance that the crack has traveled through the sample. The ratio 

of these lines indicates how tortuous the crack path is. The brown line indicates the angle of 

deflection, ϴ, from the start of the crack to the end and the orange line measures the maximum 

crack width. D) Plots of crack measurements at the different extension values (error bars represent 

standard deviation of the mean). 

One reason for this could be the mechanism by which the tubules cause crack deflections. 

In the simplified 3D-printed samples, cracks would travel through the intertubular material until a 

tubule was encountered. Then, the crack would deflect around the tubule before continuing to 

travel straight. The hoof tubules, however, appear to capture approaching cracks, even ones that 

appear to be passing by harmlessly. Here, it seems that the crack is attracted to the tubule and is 
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“pulled” into the plane of weakness between the microscale tubular cortical layers rather than 

being redirected at the mesoscale interface between the tubules and intertubular material. A prime 

example of this behavior can be seen in the first two panels of Figure 6.13. The introduced precrack 

begins just below the tubule. In printed samples, this crack would likely deflect slightly down, 

away from the stiff tubular material, and then continue traveling to the right once it had passed the 

reinforced cortex (Figure 6.13, lower left panel). In the hoof sample, it gets pulled towards the 

tubule, curling behind it (Figure 6.13, top right panel). This is likely the result of the crack getting 

trapped in the planes of weakness between the cortical layers that surround the medullary cavity. 

These layers can be seen forming fiber bridges behind the crack tip, an extrinsic toughening 

mechanism well known to improve fracture toughness [20,21], as the fracture attempts to continue 

moving laterally through the sample. In the bottom right panel of Figure 6.13, multiscale crack 

bridging can be observed, with both whole tubules and smaller fibers spanning the crack wake. 

This crack deflection mechanism in the hoof samples leads to a lower angle of deflection (~10.5° 

after 1000 μm of extension) relative to bioinspired designs, which saw angles of deflection 

between 11°-18° after interacting with a similar number of tubules.  



 

251 
 

 

Figure 6.13 Microcomputed tomography (microCT) scans showing the crack deflection 

mechanism of the tubule region which “pulls” cracks in and trap them in the planes of weakness 

between the helical cortical layers of cells surrounding the medullary cavity. 

6.3.3.2 Effect of hydration 

Moisture has a large effect on the mechanical properties of keratin. When water molecules 

infiltrate keratinous materials, they disrupt the hydrogen bonds that stabilize the alpha helices and 

weakly cross-link adjacent polymer chains. The result is a dramatic decrease in stiffness and an 

increase in ductility. During the fracture events, this ductility causes a significant amount of crack 

blunting. Figure 6.14 shows the crack tip of a hydrated sample during compact tension testing.  
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Figure 6.14 Hydrated hoof samples exhibit significant crack blunting. This can be seen by the 

increasing radius of curvature of the crack tip, while the crack length stays relatively the same. A-

D) Images extracted from a series of microcomputed tomography (microCT) scans of hydrated 

samples at different extensions during compact tension test. E) Plots of the properties of the crack 

as it grows during testing (error bars represent standard deviation of the mean). 

6.4 Conclusions 

 The horse hoof is a remarkable mechanical biological material with unique failure and 

recovery mechanisms. In this study, in-situ microcomputed tomography was used to explore the 

mechanisms, at both the meso and microscale, that are responsible for this outstanding 

performance. Novel experiments coupled with mechanical tests and characterization amplify the 



 

253 
 

findings  of earlier studies [3,8,13,18] and provide new insights into the role of the hoof wall’s 

structure. 

Many tubules in the hoof wall tend to have a wavy structure that acts as a guide for how they 

buckle when compressed. No kinking/lateral cracking was observed in the tubule walls, likely due 

to the fibrous and more ductile (relative to engineered composite materials) nature of the hoof wall. 

This feature allows the reinforcing elements to continue resisting loading even after significant 

deformation, improving the material’s toughness.  

Previous authors observed tubule bridges and suggested that they played a role in stabilizing the 

tubule cavity. In this study, regions with less tubule bridging were observed to collapse prior to 

areas with more bridges. Finite element analysis revealed that the presence of bridges enhances 

the absorbed energy in a collapsing tubule.  

Hydrated samples exhibited tubule buckling and collapse while dry samples cracked, often along 

an axis diagonal to the tubules. This might be due to the intertubular fiber orientation, as suggested 

by Kasapi and Gosline [6]. Dry samples also showed very little tubule or bridge distortion, while 

both were significantly deformed in the hydrated samples.  

Interior tubules collapse more readily than those near the exterior. This is possibly the result of 

variations in tubule size and shape. This is particularly beneficial In-vivo since interior tubules are 

more hydrated than exterior tubules and, therefore, can recover more easily.  

Tubules also prefer to collapse in the radial direction regardless of loading orientation. This is 

likely a result of the fiber concentration and alignment along the transverse axis. The tubule bridges 

are generally oriented along the radial direction but have a range of directions, positions, and sizes. 

Finite element analysis showed that when bridges are oriented parallel to the loading direction, 
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they can significantly improve the energy absorption of the tubule during the collapse. This finding 

agrees well with previous studies [3,18], which suggest that the hoof compresses more easily along 

the radial direction but also absorbs more energy. The variety of bridge geometries has the dual 

benefit of improving isotropy and creating a progressive collapse mechanism where different 

tubules and regions within the same tubule collapse at different stress levels.  

To enhance our understanding of the role of the hoof wall’s structure in its viscoelastic behavior, 

in-situ relaxation experiments were performed. The key findings are: 

 Samples compressed at intervals of 20% strain until 60% (three cycles) and allowed to relax for 

five minutes between each loading cycle reached maximum stress that was about 46% lower than 

samples compressed to directly 60% strain. This highlights the dissipative viscoelastic response of 

the hoof wall, which can be beneficial in preventing the build-up of stress in the hoof during 

locomotion. Samples compressed in intervals also exhibited more tubule bending and less cavity 

collapse than samples compressed in one cycle. 

Both the samples compressed in intervals and samples compressed directly to 60% strain displayed 

noticeable shape recovery, including collapsed cavities reopening. The samples compressed in 

intervals also showed tubules restraightening after relaxation.  

In support of previous studies, samples hydrated more had significantly more shape recovery than 

drier samples. Full submersion in water provided maximum recovery. This is an important attribute 

of hooves: this is essentially a self-healing capability.  

Finally, compact tension tests have previously been utilized [4,6,8] to probe the intriguing fracture 

behavior of the hoof wall. Here, several previous findings were verified, and new observations 

regarding how cracks propagate through the hoof were reported.  
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Previous authors have reported how tubules cause crack deflection [3,4,6–8] and can even bridge 

or arrest cracks [8]. Here, these mechanisms were observed during propagation for the first time. 

Using biomimetic compact tension samples, Lazarus et al. [8] proposed that cracks propagating 

towards tubules are pushed around the reinforced regions to continue traveling through the weaker 

intertubular regions. Instead, it seems that in the hoof wall, cracks traveling near tubules are pulled 

inward, becoming trapped within the helical, cortical planes that compose the tubular regions. This 

is akin to the mechanism discovered by Suksangpanya et al. [22] for the Bouligand structure of 

the mantis shrimp club. To continue traveling laterally through the hoof wall, cracks need to 

propagate through these fibrous lamellae. Thus, bridging cracks are formed. Similarly, intertubular 

fibers and even entire tubules were seen bridging crack wakes, introducing an extrinsic toughening 

mechanism on multiple hierarchical levels that resists further crack extension and enhances the 

toughness.   

Measurements of the crack length showed that this tubular deflection mechanism causes 

significantly longer and more tortuous fracture paths. The “pulling” deflection mechanism of the 

hoof tubules also led to longer crack paths relative to the “pushing” bioinspired designs fabricated 

in a previous study [8]. 

Hydration has an important effect on crack propagation, causing significant crack tip blunting. 

Unlike dry samples, the hoof wall structure shows no discernable crack propagation upon impact.  
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Chapter 7. Impact Resistance in Jackfruit 

7.1 Introduction 

As discussed in Chapter 2, biological materials contain a wide variety of hierarchical design 

strategies that allow them to withstand the dynamic loading conditions imposed on them by their 

environment. To learn from these impressive systems, researchers have explored the mechanical 

properties of a vast array of materials generated by organisms within the animal kingdom ranging 

from airborne creatures like woodpeckers [126] and pelicans [474] to animals that thrive deep 

under the sea such as whales [243] and conches [11]. However, an oft overlooked area of the 

natural world is plant-based systems which have developed unique structural motifs, containing 

different constituent materials from their animal counterparts, to resist impact scenarios. The 

trunks of certain trees, for example, contain a remarkable number of mesoscale features such as 

porosity and lignified reinforcing elements whose arrangement dictates the material’s response to 

impact [12].  

More commonly, researchers have observed impact resistance in the nuts and fruits of certain 

plants, which need to withstand falling impacts and impacts from predation in nature. One of the 

most widely studied fruits is the pomelo which contains a thick porous mesocarp whose primary 

function is to protect the seeds on the fruit’s interior. The mesocarp of the pomelo is an open cell 
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foam-like structure composed of fluid-filled struts. This structure imbues the fruit with numerous 

energy dissipative mechanisms during compression. The open cell-structure, which can reach a 

porosity of 80% [53], is highly collapsible and absorbs strain energy by compacting during impact. 

In fact, Seidel et al. [53] determined that the mesocarp only begins to densify at strains of ∼55%, 

emphasizing the extreme collapsibility of this configuration. These results were verified by 

compressive in-situ CT experiments [475]. The pomelo utilizes numerous structural gradients in 

the mesocarp to enhance its collapsibility, including gradients in porosity, cell size, and stiffness 

gradients between adjoined features such as the stiffer, branching, lignified vascular bundles which 

act as fiber reinforcement and the foamy parenchymatic material that distributes load around the 

fruit. The pomelo peel also cleverly utilizes branch length of the vascular bundles; shorter branches 

are more resistance to buckling and bending so by varying the branch frequency in different 

regions of the peel, the fruit is able to tune the onset of densification by location [37]. Several 

groups have also observed, modeled, and replicated the viscoelastic and damping properties that 

arise from the strut structure leading to bioinspired materials with high energy dissipation under 

compression [36,38,39,175,476].  

Other nut and fruit systems such as the macadamia nut [36,53,54], Brazil nut [477,478], 

coconut [55,153,479], and apple [52] have been explored as a means of obtaining inspiration from 

nature. Recently, Ha et al. [480] turned to the durian as a subject for bioinspiration to create impact 

resistant packaging to protect goods during transport. The durian’s most striking feature is the 

thorns that cover its surface. Just beneath the thorns is a fleshy mesocarp layer which transitions 

into the endocarp and ultimately the nutritious flesh and seeds of the fruit above the core of the 

fruit. Ha et al. [480] performed uniaxial compressive tests on the thorny layer and the mesocarp 

layer beneath and found that the thorny layer had a specific energy absorption nearly twice that of 
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the mesocarp layer. They observed that when a small portion of the surface was impacted, thorns 

at the center of the impact would buckle and the reinforcing fibers within the thorns would 

delaminate, while thorns near the exterior of the sample would bend and compress fibers at their 

bases. The authors point out that these are unique failure and energy absorptive mechanisms 

compared to other biological materials and may provide a novel source of bioinspiration for impact 

resistant materials. 

The jackfruit is similar to the durian but with several key differences. The average size of 

durian fruit is ∼1.5kg and they grow approximately 12m up in trees corresponding to a falling 

energy of ∼176 J. Jackfruit on the other hand are the largest fruit in the world reaching 35kg in 

weight, although record-holding jackfruit weighing upwards of 50kg have been reported. They 

grow along the branches and trunks of trees which can reach 25m in height [481,482]. Given these 

metrics, falling jackfruit can experience impact energies of >8.5kJ. To accommodate such massive 

impacts, the jackfruit has incorporated an extra layer of cushioning between the seeds and the 

endocarp. This region is composed of aligned tubules that run from the fruit’s stiff core to the 

underside of the mesocarp where they densify before finally attaching to the base of an individual 

surface thorn, as can be seen in Figure 7.1. Ha et al. [480] note that the thorns of the durian have a 

high aspect ratio, making the thorns more susceptible to bending under impact. The jackfruit, on 

the other hand, has thorns that are shorter and wider, as shown in Figure 7.1.  

The jackfruit has numerous structures and biomechanical functions that, to the authors’ 

knowledge, have never before been explored from an engineering perspective. As such this 

biological system is a ripe candidate for bioinspiration. In this study, we explore the composition 

and structure of the different layers of the jackfruit and connect them to the properties and impact 

resistance that the fruit has evolved. To show that the designs observed in the jackfruit can be 
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transferred to engineered materials, jackfruit-inspired samples were 3D printed and subjected to 

impact tests. 

 

Figure 7.1 A visualization of the jackfruit’s interior showing a vertical and horizontal cross-

section of the fruit.  

7.2 Methods and Materials 

7.2.1 Sample acquisition 

Whole jackfruits were acquired from 99 Ranch market in San Diego. Impact resistance in 

fruit may seem unintuitive since these energy rich capsules are often meant to act as vehicles for 

spreading an organism’s offspring either through predation or by releasing seeds upon separation 

from the plant. Our hypothesis is that the impact resistance in jackfruit is meant to allow immature 

fruit to withstand falling damage and continue to ripen on the forest floor. Simple free fall tests, 

where jackfruit of different ages were dropped from a height of 25 feet onto a concrete slab, 

confirmed this; while older, ripe jackfruit ruptured, equally-sized unripe jackfruit withstood the 

impact, even surviving six subsequent drops. Concordantly, slightly underripe jackfruit, that were 

just beginning to transition from green to brown, were purchased for testing. 
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7.2.2 Microcomputed tomography 

 High resolution 3-D images were acquired by microcomputed tomography (Skyscan 1076, 

Bruker, Kontich, Belgium) at 35μm voxel resolution. The sample was wrapped in plastic wrap and 

enclosed in a sandwich-sized ziploc bag. The bag was wedged between styrofoam blocks, taped 

together, and then placed inside a plastic jar, and further secured using additional styrofoam blocks 

to minimize shifting during scanning. The sample was scanned as an oversized and wide (x2) scan 

in three fields encompassing the entire sample using imaging parameters of 60kVp, 167μA, Al 0.5 

mm filter, 180 degrees, 0.5 degree step rotations, and 3 frame averaging. Scans were reconstructed 

(Smoothing = 1, Ring Artifact = 6, Beam Hardening = 40%, Gaussian kernel, Dynamic Range = -

0.010 to 0.020, NRecon, Bruker, Kontich, Belgium) with auto x/y and z alignment and fusion to 

stitch the three sets of scans together. An image quality check was performed by positioning the 

cursor at the center of the sample (DataViewer, Bruker, Kontich, Belgium) in the skin, skin/fruit 

interface, and fruit, and three 2-D orthogonal views were checked for quality (presence and clarity 

of structural features) and absence of noise or imaging artifacts, and then recorded for presentation. 

The results were processed with Fiji/ImageJ (U. S. National Institutes of Health, Bethesda, 

Maryland, USA) [444] and 3D plugins [445,446].  

7.2.3 Scanning electron microscopy 

Samples were extracted from each layer of the jackfruit and imaged using an FEI Apreo 

FESEM (Thermo Fisher Scientific, Waltham, Massachusetts, USA) after being sputter coated 

(Emitech K575X, Quorum Technologies Ltd, East Sussex, United Kingdom) with iridium for eight 

seconds. Measurements were taken using Fiji/ImageJ (U. S. National Institutes of Health, 

Bethesda, Maryland, USA) [444]. To visualize its compressive behavior, sputter coated thorn 

samples were mounted between two screw driven compression plates using carbon tape. A small 
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section of the thorns’ skin was cut and peeled back to reveal the cellular structure beneath. The 

screw was then turned to compress the sample to specific strains and images were taken of the 

structural changes that occurred both on the surface of the thorn as well as in the underlying region.  

7.2.4 Optical microscopy 

 Thin slices of each layer were prepared by hand using a scalpel and stained with Toluidine 

Blue O (Sigma-Aldrich, St. Louis, USA) following the procedure laid out in [483]. Images of the 

stained samples were taken using an Olympus AX70 optical microscope (Olympus, Tokyo, Japan).   

7.2.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was performed on samples from each layer and were heated 

from 25 oC to 700 oC at a ramp rate of 10 oC/min. Samples were dried in an oven at 105 oC for 24 

hours immediately before testing to remove as much moisture as possible.  

7.2.6 Compression, stress relaxation, and compact tension 

Quasi-static compressive tests were performed on samples taken from the different regions 

of the jackfruit at three different strain-rates (100s-1, 10-1s-1, and 10-2s-1). To maintain sample 

homogeneity 5x5x5mm3 samples were prepared and were tested using an Instron 3342 universal 

testing system (Instron, High Wycombe, United Kingdom) equipped with a 500 N load cell. Owing 

to their small size, whole individual thorns were removed from the jackfruit exterior and tested. 

To perform stress-relaxation tests, samples were compressed to 90% of their original height at a 

strain rate of 10-1s-1 and then allowed to relax for 900s. The resulting curves were fitted to a three-

element Maxwell-Weichert model using a Prony series. This model involves a spring in parallel 

with three Maxwell elements (which consists of a spring and dashpot in series). Compact tension 

tests were also performed on two-layer samples which included the thorny exterior and mesocarp. 

These samples were fabricated to adhere to the Plastic ASTM D5045 – 14 standard (W=40 mm). 
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Tests were performed at three different cross-head speeds of 10mm/min, 60mm/min, and 

120mm/min.  

7.2.7 Digital image correlation 

Samples were speckled using a Speckler Pattern Application Kit (Correlated Solution, 

Irmo, USA). A random speckle pattern with a dot size of 0.33 mm was imprinted on the surface 

of samples. Videos recorded during the tests and then still images were extracted. These stills were 

used to create strain maps during the tests using the open-source 2D-DIC Matlab software, Ncorr 

(Georgia Institute of Technology, Atlanta, USA). 

7.2.8 Gas gun impact testing 

Gas gun testing was performed using a modified paintball gun mounted to a frame 30 cm 

above the sample which was placed on a metal surface. Rubber balls 17.3mm in diameter with a 

mass of __ grams were used as projectiles. The paintball gun is connected to an Arduino 

microcontroller in order to fire the round. The microcontroller is used to activate a servo motor 

that in turn triggers the paintball gun. To trigger the high-speed camera, a laser trigger was set up 

in order to detect when the round is fired. This consists of a 5V laser (need to find out what laser) 

that is detected with a ThorLabs PDA10A2 Si Amplified Fixed Gain Detector. The output signal 

can be viewed through a Tektronix DPO 2014 oscilloscope. The oscilloscope is connected to a 

Tektronix AFG3022C function generator. Once the laser beam is broken, it is registered by the 

photodetector and displayed on the oscilloscope. This then causes the function generator to send a 

signal to trigger the i-Speed 716 high speed camera. Videos were recorded at frames per second 

(FPS) between 40,000 FPS and 75,000 FPS.  

A total of 13 samples were prepared, each with two samples containing the following 

layers: mesocarp and tubules, mesocarp and thorns, mesocarp only, thin mesocarp and tubules. 
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Five samples were prepared consisting of thorns, mesocarp, and tubules, with all but one sample 

having speckles for digital image correlation (DIC). The samples were cut to have a cross-section 

of 3cm x 3cm, with the height dependent on which layers were being tested. Samples were tested 

within three hours of cutting. 

7.2.9 Bioinspired samples  

Bioinspired samples were designed based on cross-sectional images of the jackfruit. Traces 

of the thorn and tubule dimensions were extruded and then combined using Fusion 360 CAD 

software (Autodesk, San Rafael, USA).  Four different types of jackfruit-inspired designs were 

printed; samples modeled after all three of the outer layers of the jackfruit (thorns, mesocarp, and 

tubules) as well as samples with just the thorn and mesocarp layers, mesocarp and tubular layers, 

and samples of just tubules. Two series of prints were fabricated for impact testing. The first 

utilized hard samples printed out of PETG using an Ender 3 Pro (Creality, Shenzen, China). 

Several different infills (of 10%, 15%, and 20%) were tested. The second series used softer 

materials and a multi-material 3D printer (Objet350 Connex3, Stratasys, Rehovot, Israel) was used 

to fabricate samples using proprietary resins of FLX9040-DM and TangoBlack+. These different 

materials were used to determine if the design principles uncovered in the jackfruit could be 

universally implemented or if they require optimum material properties to succeed. The jackfruit-

inspired samples were compared against featureless rectangular samples of the same mass.  

7.3 Results and Discussion 

7.3.1 Structure and Composition 

For this paper the jackfruit has been divided into four regions. From exterior to interior, 

these regions are the thorny surface exocarp, the mesocarp, the tubular region which contains the 

fruit’s seeds, and the core of the fruit. The surface thorns were measured (N=16) to have an average 
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height of 4.4 ± 1.5 mm, with a base width of 4.6 ± 1.6 mm and an inclination angle of 57.1 ± 3.2o. 

These measurements are indicated in Figure 7.2A, which shows a longitudinal slice of the top three 

jackfruit layers. While there was significant variation in the height and base dimensions for 

different thorns the inclination angle was relatively consistent. Measuring the thorns by hand 

(N=30) revealed an average tip diameter of about 1.57 ± 0.19 mm and a polygonal base area of 

33.21 ± 4.98 mm. 2D hexagons are one of the most efficient shapes for packing [484]. In the case 

of the jackfruit, the irregular hexagonal bases are ideal for having a high density of thorn tips 

covering the surface contours of the irregular 3D shape of the fruit. Using computed tomography 

scans of the fruit’s interior, the porosity of the tubular region was found to be approximately 57%. 

Individual tubules (N=25) were observed to be elliptical in shape with an average aspect ratio of 

2.26 ± 0.48 and average major and minor axis dimensions of 1312 μm ± 155 μm and 603 μm ± 

139 μm, respectively. An example of these measurements can be seen in Figure 7.2B, which shows 

a transverse slice of the jackfruit’s tubule layer. Figure 7.2C-E show 3D renderings of the 

jackfruit’s different layers, excepting the core.  
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Figure 7.2 Microcomputed tomography scans showing A.) a through-thickness cross-section of 

the thorn, mesocarp and tubular layer, B.) a cross-section of the tubular region, and C-E.) 3D 

renderings of the jackfruit’s outter three layers. 

Toluidine Blue O is a polychromatic stain that can be used to differentiate plant tissues by 

preferentially binding with anionic groups in the cell wall. The result is a multicolored sample that 

gives insight into local composition. Figure 7.3A shows microscopy images from each layer of the 

jackfruit. In the thorns, the reinforcing fibers appear bright blue, suggesting that the fibers are 

composed of stiffened sclerenchyma with thicker, lignified cell walls. These sclerenchyma fibers 

are embedded in a matrix of irregularly shaped and sized cells that are generally larger than the 

sclerenchyma cells and appeared purplish when dyed. This suggests that these cells are likely the 

parenchyma “filler” cells, which make up much of the soft, unspecialized tissue found in the plants 

and whose walls are primarily cellulose [483,485]. These essentially act like a foam matrix for the 

lignified fibers to be embedded within. The cells in the thorn are small relative to other parenchyma 

cells such as those found in potatoes [486], but vary along the longitudinal axis of the thorn. Near 
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the base of the thorn, the major axis and minor axis of cells were measured to be 121.0 μm (s.d. = 

25.9μm, N=25) and 44.4 μm (s.d. = 13.7μm, N=25), respectively, with cell walls approximately 

2.0 μm (s.d. = 0.5μm). Meanwhile, closer to the peak of the thorns, cells were smaller and more 

circular with major and minor axes reduced to just 14.8μm (s.d. = 4.9μm) and 10.0μm (s.d. = 

4.0μm, N=25) with thicker walls approximately 3.7 μm (s.d. = 1.0μm) across. Approximating the 

cells as ellipsoids, the volume percentage of the cell walls of the lower thorn was calculated to be 

just 2.1%, while in the upper thorn the thicker walls and smaller cells increased this value to 22.5%. 

For cellular solids, the effective elastic modulus of a material is approximately proportional to the 

density ratio of the cellular material relative to the bulk material; in the case of the jackfruit thorn 

one can assume that tip of the thorn is ∼10 times stiffer than the base due to the change in material 

density that results from differences in cell size and cell wall thickness. In fact, this approximation 

may even be an underestimate, since the reinforcing fibers take up proportionally more volume as 

they near the tip of the thorn and the more elliptical-shaped cells near the base may collapse more 

easily.  

The lignified fiber bundles continue into the mesocarp but become much thinner; whereas 

these bundles are 5-6 cells wide in the jackfruit’s exocarp, they transition to only 2-3 cells wide in 

the mesocarp. Still, the significant amount of blue coloration suggests sporadic lignification 

throughout the mesocarp layer. The mesocarp layer also exhibits some pink coloration, which is 

associated with pectin. Recent research suggests that pectin interacts closely with the cellulose in 

cell walls, forming an interpenetrating network that enhances cross-linking between the cellulose 

microfibrils [487,488]. Pectin also plays an important role in enhancing cell-to-cell adhesion [488]. 

In the tubule layer, long pink fibers, one cell in width, run parallel to single-cell blue fibers. Both 

are embedded in a matrix of cells that are very lightly stained. Finally, the core is mostly pinkish-
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purple, suggesting less lignification. Furthermore, the core has a sponge-like configuration with 

the cells acting as struts to form hexagonal pores.  

 

 

Figure 7.3 The composition of the jackfruit is different in each layer. A.) Optical micrographs 

showing the results of O Toluidine blue staining from each layer. B.) Normalized TGA curve 

and C.) normalized DTG curve of the different layers. D.) Bar chart showing the volatile and 

residual char percentages for each layer and E.) Estimates of the composition of each layer based 

on the DTG curves.  

To further elucidate the composition of each layer, thermogravimetric analysis (TGA) was 

performed. Figure 7.3B shows the pyrolysis curve (normalized sample weight vs temperature) for 
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each of the four layers of the jackfruit while Figure 7.3C shows the normalized derivative 

thermogravimetric (DTG) curve. Figure 7.3D plots the amount of residual char vs volatiles in each 

of the samples. Each of the layers had nearly the same amount of residual char, about 37%, except 

for the mesocarp samples, which were about 19% char. This indicates that the mesocarp layer is 

composed of more volatiles such as hemicellulose, cellulose, and lignin than the other layers which 

contain more fixed carbon. The normalized DTG curve (Figure 7.3C) can be used to obtain further 

insights into the differences in the composition of the fruit’s layers. Lopez-Velazquez et al. [489] 

performed TGA on orange peels and found DTG peaks at 485 K, 527 K, and 601 K which has 

fairly good agreement with the peaks observed in the jackfruit.  

Recently, Diez et al. [490] used the TGA-PKM method to model the thermal pyrolysis of 

the individual components (hemicellulose, cellulose, and lignin) in wood. This method involves 

fitting multiple pseudo-component curves for each constituent since more than one peak can be 

attributed to each. Diez et al. [490] determined that there were two pseudo-components for 

hemicellulose, one for cellulose and three for lignin, corresponding to peak temperatures of ∼488K 

and ∼538K, ∼ 596K, and ∼616K, ∼739K, and ∼988K, respectively. The peaks and shoulders 

identified in the jackfruit DTG curves are listed in Table 7.1. The lower three peaks correlate well 

with the hemicellulose and cellulose pseudo-components identified by Diez et al. [490]. Thorn, 

mesocarp, and tubule samples all have a peak around 480 K and a shoulder around 535K, which 

can be attributed to hemicellulose, as well as a larger peak around 570K-590K that is likely the 

result of cellulose pyrolyzing. Interestingly, the ratio of the cellulose DTG peak to the first 

hemicellulose DTG peak was much larger for the thorn than for the mesocarp with the tubules 

falling in between the two. This could be the result of the cellulose curve shifting to a lower 

temperature and pulling up the hemicellulose curves up by overlapping with them more. This 
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suggests that there is a difference in cellulose crystallinity in the different layers, where the thorns 

and tubules are more crystalline, since amorphous cellulose will degrade at lower temperatures 

[491]. For core samples, the first peak, attributed to hemicellulose, appears as a slight shoulder 

while the second peak and third peak are nearly the same size. DTG curves of extracted pectin 

show a single sharp peak at temperatures between 495K - 515K [492,493]. Pectin generally 

composes only a small percentage of fruits and vegetables, however certain vegetal products like 

pumpkins and orange peels contain significantly elevated levels of pectin [494]. Begum et al. [495] 

examined the pectin contents of several food waste streams and found that jackfruit had one of the 

highest pectin contents, even greater than orange peel which is the primary source of industrial 

pectin [496], particularly in the core of the fruit. This agrees well with the observations of the core 

samples stained with Toluidine Blue O, which became much pinker than the other layers. The 

second peak in the core samples, therefore, could be a result of pectin degradation rather than that 

of hemicellulose.  

 Lignin is well known to slowly degrade over a wide range of temperatures, including 

higher temperatures of >600K, after which the cellulose and hemicellulose have pyrolyzed 

[489,490,497,498]. In tubule and core samples, a peak was observed between 890-900 K. Other 

researchers have observed this and attributed it to the last stage of lignin degradation 

[489,499,500]. In mesocarp samples, a slight peak can be seen around 708 K. The thorn on the 

other hand has relatively slight changes in degradation rate at higher temperatures, suggesting that 

lignin is less dominant in the thorns.  

To get an approximation for the composition of each layer, the change in weight of the 

sample’s volatiles over the temperature range for each DTG peak was calculated and is plotted in 

Figure 7.3E. As many plant systems contain relatively sparse amounts of pectin, researchers 



 

270 
 

utilizing TG often only include hemicellulose, cellulose, and lignin in their analysis. Since the 

temperature at which pectin degrades overlaps significantly with the range at which hemicellulose 

pyrolyzes, the two were combined here. The mesocarp sees a steep drop in mass starting at around 

643 K. By this point nearly all of the hemicellulose, pectin, and cellulose should have degraded 

[489,490,499,500], suggesting that the mesocarp is more lignified than the other layers. In many 

plant systems, lignin acts as reinforcement for the softer tissue surrounding it, conferring rigidity 

and strength to the cells it fortifies [12,501–503]. Meanwhile, the core displayed elevated levels 

of pectin, which is often deposited at intercellular joints to enhance cell adhesion [504]. Given the 

sponge-like structure of the jackfruit’s core, containing struts that are single cells wide, cellular 

adhesion is integral to the performance of this energy-dissipative layer, while the stiffness that 

would be imbued by lignin is not as important. Likewise, the thorns had the lowest lignin 

concentration and the largest cellulose concentration, suggesting that the protrusions are meant to 

function as soft impact dissipators.  

From the compositional results obtained from staining and thermogravimetric analysis, one 

would expect the mesocarp to have the highest stiffness due to the observation of aligned lignified 

fibers and high lignin content. Meanwhile, both the staining and TGA results suggest that the core 

and thorns contain less lignin, and therefore might be expected to be less rigid and more ductile. 

The thorns contain lignified, sclerenchyma fibers embedded in a matrix of softer parenchyma cells, 

while the core exhibits a strut-like structure rich in pectin. The exact mechanical properties of 

pectin remain mysterious [505] but it has long been known to play a multifunctional role in plant 

growth and mechanics [506,507]. When modeling the mechanical behavior of plant fibers Keryvin 

et al. [508] assumed the properties of pectin to be the same as those of lignin with promising 

results, which suggests that the pectin-rich core and lignin-rich mesocarp may have similar 
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mechanical properties. Both the staining and TGA indicate that the tubules contain an intermediate 

amount of each constituent, however the highly porous mesostructured of this layer inherently 

decreases its effective modulus. This arrangement of a soft ductile material sandwiched between 

two denser and stiffer layers is a common design motif that is utilized by both nature and engineers 

to improve impact resistance [75]. 

Table 7.1 Peak temperature for each layer of the jackfruit. In parentheses is the height of the 

normalized DTG peak, i.e., the height of the peak relative to that layer’s height peak.  

 Thorn Mesocarp Tubule Core 

Peak 1 487 K (40.3%) 472 K (73.9%) 473 K (58.6%) 478 K (56.8%)[shoulder] 

Peak 2 535 K (43.3%) 

[shoulder] 

541 K (86.4%) 

[shoulder] 

532 K (58.6%) 

[shoulder] 

516 K (99.3%) 

Peak 3 591 K (100%) 569 K (100%) 584 K (100%) 552 K (100%) 

Peak 4 863 K (5.4%) 708 K (36.3%) 898 K (16.4%) 893 K (20%) 

7.3.2 Quasi-static Mechanical Behavior 

The jackfruit contains a series of progressive failure mechanisms that absorb strain energy 

and protect the jackfruit’s precious seeds. The first layer to fail is the extremely porous, aligned 

tubular region on the fruit’s interior. DIC quasi-static compression tests performed on three-

layered samples (thorns, mesocarp, and tubular region) show this phenomenon and can be seen in 

Figure 7.4. Only once the tubules have almost entirely collapsed do the other two layers begin to 

deform and absorb strain energy. During an in-vivo impact the initial load would be distributed 

amongst the exterior thorny layer, however having an easily collapsible porous layer beneath this 

allows for easy transfer of impact energy to the deeper regions of the fruit.  
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Figure 7.4 Digitial image correlation of three-layered jackfruit samples compressed at a strain-

rate of 10-1s-1. Nearly all of the strain is concentrated in the tubule layer until it has fully 

collapsed. 

 The next layer to deform during compression is the thorny exterior. When samples of just 

mesocarp and thorns were compressed, the thorny layer collapsed first as shown in Figure 7.5A. 

Upon being released, the thorns recovered nearly half of their initial height as can be seen in the 

last two frames. The underlying structure of the jackfruit thorn also plays a vital role in its 

compressive and viscoelastic behavior. The surface of the thorns is composed of skin with a highly 
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ordered, microscale wave-like configuration as shown in Figure 5B. Beneath this wrinkly exterior 

is a fiber-reinforced closed-cell foam-matrix composite, depicted in Figure 7.5C.  

 

Figure 7.5 A.) Images of two-layer jackfruit samples composed of just the thorn and mesocarp 

layer being compressed and released . B.) SEM scans of the jackfruit thorn’s ordered exterior 

and C.) the underlying structure of the jackfruit thorn where the fibers, cellular matrix, and 

gradient in cell size can be seen. The general location of images B and C are indicated by the 

boxes on the first panel of A.  

Thorn samples were compressed and then imaged with SEM, revealing the collapsibility 

of the thorn’s microstructure. Figure 7.6A and B show images of the underlying foam matrix 

before compression and at 72% strain, respectively. Buckling of the cell walls can be observed, 

but very little fracturing can be seen due to the extreme collapsibility of the sample. On the surface, 

the wrinkled skin behaves like an extended spring. As the thorn is compressed, the wrinkle spacing 

decreases, as shown in Figure 7.6C. Figure 7.6D shows how these wrinkles bunch together as the 

strain is increased. The highly ordered nature of the surface skin allows the jackfruit thorn to recruit 

substantial amounts of material to resist compression. Research into thin-walled, crashworthy 
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structures has shown that a progressive, stable collapse mode is often preferable for increased 

energy absorption during compression [509,510].  The wavy features of the thorn’s exterior 

encourage this collapse mode by providing asymmetric planes of weakness along the length of the 

thorn that can fold and condense without failing. Furthermore, with minimal plastic deformation 

during compression, this structure is able to rebound after being compressed, even to high strains.  

 

Figure 7.6 The thorn structure shows impressive ordered collapse and survivability during 

compression. A.) A pre-compression image taken of the underlying structure of the jackfruit 

thorn and B.) an image of the same structure after being compressed to 72%. C.) Measurements 

of the jackfruit thorn’s wrinkle spacing at different compressive strains and D.) representative 

images visualizing how the wrinkles pack together during compression. 
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Figure 7.7 Each layer of the jackfruit (excepting the tubule layer) was compressed at three 

different strain-rates (10 0s-1 ,10 -1s-1, and 10 -2s-1). A-C.) Comparisons of the different layers at 

each strain-rate and D-F.) comparisons of the sample layer at different strain-rates.  

 Figure 7.7A-C shows a comparison of each layer’s stress-strain curves at the compressive 

strain-rates of 100s-1, 10-1s-1, and 10-2s-1.  Across all strain-rates, the behavior of core and mesocarp 

samples were the most similar, with the core samples exhibiting a comparable or slightly larger 

stiffness while mesocarp samples were able to reach a higher ultimate stress. Both layers see an 

increase in stress up until approximately 0.9 strain after which it begins to decrease. Thorn samples 

exhibited the lowest curves, collapsing much more easily at each strain-rate. This is due to the 

irregular shape of the thorn which leads to a top-down collapse mechanism. With the smallest 

cross-sectional area, the top of the thorn collapses easily with low loads, however as the cross-

section increases larger and larger loads are required to continue collapse. The stress calculations 

for these curves were based on the base cross-sectional dimensions and the result is a steadily 

rising stress-strain curve. These values do not provide an accurate interpretation of the stress 

throughout the thorn (which is inconsistent due to the inconsistent cross-sectional area), however, 
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it does show the ingenuity of the thorn shape. The low cross-sectional area at the tip of the thorn 

allows it to collapse at low loads, absorbing strain energy before other parts of the fruit. The 

graceful collapse of the thorn discussed previously allows it to compress to very high strains 

without seeing a drop in load that would result from catastrophic failure (a phenomenon observed 

for the mesocarp and core samples). The high cellulose content and softer parenchyma cells likely 

also contribute to the lower stiffness of the thorns. Together, the macroscale shape, microscale 

features, and cellular composition allow the thorn to be one of the first parts of the fruit to absorb 

strain energy during compression while also being capable of doing so to high strains. 

Furthermore, the thorns exhibit very little variance between different strain-rates (Figure 7.7D), 

while the core and mesocarp samples become noticeably stiffer and stronger at higher strain-rates 

(Figure 7.7E and F). This ensures that the thorns remain collapsible cushions that protect the rest 

of the fruit during impact. The mesocarp and core layers however transition from a steady sloping 

curve at a strain-rate of 10-2s-1 to a stiffer behavior that reaches a maximum stress at ~0.8 and ~0.95 

strain when tested at strain-rates of 10-1s-1 and 10-2s-1, respectively. Interestingly, a trend was 

observed where samples were able to reach a higher ultimate strain and maximum stress at higher 

strain-rates. This suggests more energy can be absorbed by these layers during impact scenarios.   
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Figure 7.8 Stress-relaxation tests were performed to evaluate the viscoelastic behavior of each 

layer of the jackfruit. A.) Normalized stress decay curves comparing the core, mesocarp, and 

thorn layer. B-D.) The experimental relaxation modulus and fitted model for the thorn, mesocarp 

and core samples during the relaxation test.  

Understanding the viscoelastic nature of the jackfruit’s layers can provide some insight 

into their time-dependent behavior. Figure 7.8A shows the stress relaxation of the different layers 

in the jackfruit. Much like with the compressive results, the mesocarp and core have very similar 

behavior, relaxing to a plateau of about 20% of their initial stress. The thorns relax slightly less, 

however, this again might be skewed by the irregular shape of the thorn. Figure 7.8B-D shows the 

relaxation modulus of each layer and their respective fitted curves from the Prony series. The 

equations describing the resultant Maxwell-Weichert model are listed below:  

Er,core(t) = 0.13 + 0.248e−t/3.16 + 0.127e−t/56.54 

Er,mesocarp(t) = 0.273 + 0.652e−t/1.63 + 0.562e−t/17.39 + 0.173e−t/269.53 
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Er,thorn(t) = 0.14 + 0.131e−t/27.76 + 0.094e−t/465,81 

 Keryvin et al. [508] performed nanoindentation stress-relaxation tests on flax cell walls 

and identified four characteristic relaxation times of 0.3-0.54s, 1.4-2.3s, 7.6-10s, and 46-54s. These 

were attributed to hemicellulose, pectin, amorphous cellulose, and crystalline cellulose, 

respectively. For macroscale tensile relaxation tests performed on flax fibers these relaxation times 

smear together into two characteristic relaxation constants, one of 2.6±2.4s attributed to 

hemicellulose and pectin and one of 55±29s attributed to cellulose. This aligns well with our 

results, particularly for the core, which has calculated relaxation times of 3.2s and 56.5s. While a 

three-component model was fitted to each layer, the third component of the core and thorn made 

an insignificant contribution to the fit and were disregarded. The mesocarp, which contains less 

cellulose and more lignin as determined by TGA, has a third component with a longer relaxation 

time. This could be the result of the higher lignin concentration found in the mesocarp. The first 

and second relaxation times (Figure 7.8C) are also lower, which suggests there could be more 

hemicellulose and less crystalline cellulose in this layer of the jackfruit. The thorns, which 

contained the least hemicellulose and pectin, were not determined to have a relaxation constant on 

the scale of τ=0.1-10s (Figure 7.8B), instead only having an intermediate relaxation constant of 

27.8s and a long-term relaxation constant of 465.81s. The former, is dominated by the cellulose 

relaxation that is pulled downward by the presence of relatively smaller quantities of more rapidly 

relaxing hemicellulose and pectin. The larger relaxation time, again, can likely be attributed to the 

bundles of lignin fibers identified in previous sections.  

7.3.3 Dynamic Mechanical Behavior 

While these quasi-static tests provide insight into the mechanical behavior of the jackfruit 

the response of the entire fruit during impact might be quite different. For example, during quasi-
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static tests on a flat sample, the tubular layer is able to densify entirely, before the mesocarp and 

thorny layer begin to deform. However, when attached to the entire fruit this would likely not be 

possible without tearing the external two layers. Furthermore, under impact conditions the time 

dependency of stress-waves traveling through the outer two layers may reduce the percentage of 

strain energy absorbed by the tubular under-layer. To asses this, impact tests using a gas gun were 

conducted on different combinations of layers. 

 

Figure 7.9 Still frames extracted from high speed video of gas gun impact tests on different 

combinations of jackfruit layers. The bottom panels show DIC on three-layer samples during 

impact.  
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Figure 7.9 shows still images extracted from high-speed footage of the impact event. 

Samples of mesocarp, mesocarp and thorns, and mesocarp and tubules failed completely. In these 

cases, the projectile penetrated entirely through the sample, hitting the metal backplate underneath. 

The mesocarp is composed of aligned fibers that easily peel apart under impact. This can be seen 

in the tests on the solitary mesocarp samples as well as the tests on the mesocarp and tubule layers, 

where the tubules begin to absorb the impact (row 3, frame 2) but then split apart and fail (row 3, 

frame 3) before the impactor can be rebounded. For the three-layer samples, nearly all the impact 

energy was absorbed by the tubule layer which collapsed to strains of ∼0.3 before rebounding (the 

rebound could not be captured by DIC as the sample ‘jumped’ off the backplate in the process). 

This can be seen in DIC figures for the three-layer samples which show minimal strain values in 

the thorn or mesocarp layers throughout the impact, while the tubule layers collapse. Meanwhile, 

the thorny layer held the three-layer sample together preventing the splitting phenomenon 

observed in the samples of just mesocarp and tubules. When post-impacted samples were cut open, 

bruising was observed just beneath the thorns for three-layer samples, while samples without 

thorns were bruised through the whole thickness of the sample.  

The thorny structure on the surface of the fruit both delocalizes damage while also 

containing it. When samples of just the thorny layer were impacted at a lower energy, that did not 

lead to ultimate failure, only the thorns that came into contact with the projectile exhibited damage. 

However, each of the impacted thorns experienced a similar level of deformation. Ha et al [480] 

observed a similar energy absorption mechanism resulting from the thorny structure of durian fruit. 

They noted that most of the energy absorbed by the fruit’s exterior could be attributed to bending 

of the thorns, fracturing at the thorns’ tips, and buckling, bending, and delamination of the thorn’s 

reinforcing fibers. In the jackfruit, the thorns have a lower aspect ratio, are more densely packed, 
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and are less curved than the durian. Further, the jackfruit’s surface is much more irregular and 

tends to have less curvature. As a result, the loading mode of the thorns is much more axial, leading 

to a failure mechanism that is dominated by crumpling and, later, splitting of the thorns. The 

gradient in thorn cell morphology, identified in section 3, encourages crumpling and buckling near 

the center of the thorn where the cross-section is still small but where fiber and matrix cell wall 

density are lower than at the thorn tip. The shape of the thorn provides an ingenious design for 

absorbing impact energy, by creating a weak initial contact surface that gradually becomes more 

resistant to loading as it is compressed. Simplifying the shape of a thorn to be a conical frustrum 

(Figure 7.10A) we can approximate the radius of the thorn at any given height to be 

r(y) = ro + (R − r(y)) 

r(y) = ro +
y

tan (ϴ)
 

Where y is the compressive displacement and ϴ is the inclination angle of the thorn. This 

can be used to calculate the increase in cross-sectional area as the sample is compressed:  

A(y) = π ∗ (ro +
y

tan (ϴ)
 )2 

During compression, the strain can be substituted in for the displacement, y, as such: 

y = εh 

A(ε) = π ∗ (ro +
εh

tan(ϴ)
 )2 

During the elastic portion of thorn compression, the maximum stress will form at the 

smallest surface, which will be touching the compression plate. As such, during elastic 

compression, the maximum stress is 
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σmax =
F

A(ε)
= εEeff 

Using the approximation for the effective Elastic modulus of a cellular solid based on 

measurements of cell size and wall thickness (and assuming a linear gradient in cell size and wall 

thickness from the tip of the thorn to the base), the Elastic modulus of the thorn with respect to y 

can be estimated as:  

Eeff(y) = 0.1 ∗ E ∗ y 

or 

Eeff(ε) = 0.1E(hε) 

 Substituting this in we get  

σmax =
F

π ∗ (ro +
εh

tan(ϴ)
 )2

= 0.1Ehε2 

and 

F = 0.1πhε2E(ro +
εh

tan(ϴ)
 )2 
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Figure 7.10 The shape of the thorn plays a vital role in its compressive behavior. A.) The thorns 

shape can be idealized as a conical frustrum with a circular cross-section whose radius varies 

with its height. B.) The load required to compress the thorn increases exponentially with 

increasing strain. C.) However, by accounting for the changing cross-section during 

compression, the stress in the thorn plateaus after reaching approximately 0.2 strain.   

Figure 7.10B shows the % of the maximum load over the course of compressing the thorn 

quasi-statically. The results show a steadily increasing curve for all strain-rates, mirroring the 

results in Figure 7.7D which displays the stress at the base of the thorn. This phenomenon is typical 

during compression as the material densifies and barrels, however it is augmented by the thorn 

shape which has a naturally increasing cross-section, demanding a higher load be applied to 

continue compressing the material. Applying the equation for the change in cross-sectional area 

(Figure 7.10C) to account for this shows that at the compression surface of the thorn the stress 

plateaus at a strain of about 0.2. These results highlight the importance of the shape of the thorn in 

absorbing energy and cushioning impacts. Furthermore, the distribution in thorn heights leads to 

an even more gradual macroscopic collapse as certain thorns undergo compression during and 

axial impact before others. While more pronounced strain-rate sensitivity, particularly in plateau 

stress, can be seen in the quasi-static results depicted in Figure 7.10C the gradually increasing area 

of the thorns as a means to resist loading should hold true during higher strain-rate impact 

scenarios. 
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During impact, a preferential cracking mechanism was observed. In the thorn and mesocarp 

layers, cracks nearly always propagated between the irregular bases of the thorns. In this manner, 

fracture was controlled and prevented from spreading throughout the fruit’s surface, while the 

irregular hexagonal base configuration leads to tortuous crack paths. The image on the left of 

Figure 7.11A shows the underside of the sample where both the damage control mechanism and 

the preferential cracking (highlighted by dashed red lines) can be more easily observed. A close 

look at the cracks also shows that the material has not entirely failed as intact fibers bridge the 

cracks faces. On the right of Figure 7.11A the exterior of the sample after impact can be seen, 

where splitting, crumpling, and discoloration of just the impacted thorns can be seen. Figure 7.11B 

shows still images just before the impact, during the impact, and after the impact of the projectile. 

Damage develops in the impacted thorns, while the adjacent thorns remain unaffected.  
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Figure 7.11 A.) During gas gun impact tests on the thorn jackfruit’s thorn structure, cracks 

prefere to propogate between the thorns. Furthermore, by looking at the underside of thorn 

samples, bruising can be seen exclusively in the thorns that were in contact with the projectile. 

B.) Still images showing before, during, and after impact on the jackfruit’s thorns. C.) Compact 

tension tests revealed that cracks prefer to propogate between the thorns even when a crack is 

being driven through the material under slower loading conditions.  

To explore the preferential cracking mechanism in the jackfruit’s thorny layer, compact 

tension specimens were prepared. A precrack was introduced and driven through the sample. Much 

like the cracks that developed during gas gun impact testing, there was a preferential crack path 

between the thorns, which is visualized by the still frames shown in Figure 7.11C. The extrinsic 

toughening mechanism of fiber bridging, where fibers span the crack interfaces behind the crack 

tip, was observed and can be seen in the insets of Figure 7.11C. The average load vs extension 

data for the compact tension tests performed at different crosshead speeds are plotted in Figure 

7.12A. A clear strain-rate dependency can be seen in this plot, with the curves of faster crosshead 

speeds achieving higher loads. As a result, the energy absorbed (the area under the curve), 
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increases with increasing crosshead speed. This relationship between crosshead speed and energy 

absorbed is plotted and fitted with the following exponential function in Figure 7.12B:  

Eabsorbed = 0.096e(
Vcrosshead

52.44
) + 0.313 

 

 

Figure 7.12 Compact tension tests were performed at multiple cross-head speeds. A.) A clear 

loading dependency can be seen in the load-extension curves of the jackfruit’s outer later. B.) 

The energy absorbed during compact tension tests increased signficantly with an increase in 

crosshead velocity.  

 The sudden rises in load in the load-extension curve corresponds to when the crack 

encounters a thorn. When the crack bypasses the thorn and continues propagating through the 

valleys between them the load drops again.  

7.3.4 Bioinspiration from the jackfruit 

To show that the jackfruit structure can be translated to an engineered system. Impact tests 

were performed on 3D printed bioinspired designs, comprised of combinations of thorns, 

featureless mesocarp, and tubular layers. Figure 7.13A shows an exploded schematic of these layer 

designs. A variety of print materials were explored to understand which engineering scenarios are 
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best suited for the use of the jackfruit design. The first series of tests were printed out of relatively 

stiff, brittle PETG. Blocks of solid PETG were printed at decreasing increments of infill and tested 

until samples consistently failed during testing. Jackfruit inspired designs were then scaled to the 

same size of the control block and printed to be the same mass. For the first test a control block of 

PETG printed with 10% infill was used for comparison. Figure 7.13B shows the total failure of 

the control as the projectile travels through the entire length of the sample, causing fractures to 

initiate and propagate between the print layers in the process. The jackfruit inspired sample, shown 

in Figure 7.13C, sustained considerably less through-thickness damage. Owing to the fact that 

PETG is considerably stiffer than natural jackfruit, the impact stress was not effectively 

transmitted through the sample layers. The result is that the progressive collapse mechanism of 

tubule buckling, followed by thorn compression, before finally giving way to mesocarp 

densification was not observed. DIC analysis showed minimal strain (<0.01) in the tubular and 

mesocarp layer throughout the impact event. However, despite the mismatch in material properties, 

the thorn structure still efficiently absorbed impact energy and delocalized damage across the 

sample surface. This phenomenon can be observed in the post-impact still images of the samples, 

where the neat, control block has a hole approximately the same size as the impactor through its 

entirety, whereas the lower layers of the jackfruit-inspired sample are still intact while the outer 

thorn layer is completely obliterated. During impact, the thorns directly beneath the projectile 

collapse downward along their longitudinal axis, splitting vertically as they do, while adjacent 

thorns in contact with the impactor buckle and bend before snapping. Nearby thorns that are not 

in the impact zone provide lateral planes of weakness that encourage damage to spread horizontally 

through the sample rather than vertically. Samples printed with tubules but without the thorns did 

exhibit strain concentrations in the tubular layer before failing. Figure 7.13D shows strain maps of 
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these samples during impact. Due to the high stiffness of PETG minimal buckling, bending, or 

deformation was observed in the tubule layer with fractures initiating at strain values of about 

0.067. However, much like biological jackfruit samples, nearly all the strain was concentrated in 

the tubular layer, as was the resultant damage.  

 

Figure 7.13 Bioinspired designs were fabricated to translate the impact resistant mechanism in 

the jackfruit to engineered materials. A.) An exploded CAD schematic showing the different 

layers of the bioinspired models. B.) Still images extracted from high-speed video of a 

featureless control block and C.) a three-layer jackfruit-inspire design during and after impact. 

D.) DIC analysis of two-layer jackfruit-inspired samples without thorns showing that strain is 

concentrated in the tubular layer before failure.  

To further understand the interplay between the thorn layer and tubular layer, samples with 

higher infills of 15% and 20%, which would fail less easily, were printed. Figure 7.14 shows strain 

maps of impacted samples just prior (<0.033s) to the onset of fracture.  Figure 7.14A and B show 

samples printed without thorns at infills of 20% and 15%, respectively. In these samples, the strain 

is concentrated in the tubular region, which reaches a maximum of 0.052 at 20% infill and 0.066 

for the more flexible 15% infill before failing. Meanwhile, in samples that have thorns, the strain 

in the tubular region remains <0.01 for the duration of the impact, while most of the strain is spread 

amongst the thorns and the area just beneath them as shown in Figure 7.14C and D. The more 

flexible 15% infill sample allows the strain to spread deeper and more broadly into the mesocarp 

layer. These results highlight that the thorns act as an initial barrier to impact and disperse the 

strain energy near the surface much more than a flat exterior which allows the impact energy to be 
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transmitted deeper into the material.  However, the progressive failure of the layers is inverted for 

the stiffer PETG samples which see failure of the thorns first and then the tubules, unlike the 

jackfruit samples. Regardless, both mechanisms continue to exist in stiffer samples.  

 

Figure 7.14 DIC anaysis of A.) tubule and mesocarp samples printed at 20% and B.) 15% infill 

and three-layer samples printed at C.) 20% and D.) 15% infill just before cracking initiates. In 

samples without thorns, strain is concentrated in the tubular layer while samples with thorns 

exhibit the most strain just below the thorns.  

 Naturally, this energy dispersion mechanism has an effect on how the samples fail during 

impact. Figure 7.15 shows the progression of damage for samples of mesocarp and tubules (A and 

B), all three layers (C and D), and tubules and thorns (E and F). In samples, without thorns (A and 

B) linear cracks form vertically through the sample, causing splitting between the tubules and 

sample failure. Generally, only a few large cracks were observed which split the sample in half or 

broke off large chunks of material. In samples with thorns, however, arcing cracks formed just 

below the thorn layer moving horizontally through the sample. Many smaller cracks were observed 

between and through thorns which propelled debris in every direction. While several cracks 
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reached the tubular layer, none were observed traveling all the way through the samples which 

were still intact after testing. To determine whether this was simply the result of more material in 

the three-layer samples, designs of just thorns and mesocarp were fabricated which have 

significantly less material. Still, no cracks traveled entirely through the sample, while crack arcing, 

multiple cracking, and large amounts of impact debris were still observed.  
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Figure 7.15 Extracted still images from high-speed video of gas gun impact tests on tubule and 

mesocarp samples printed at A.) 20% and B.) 15% infill, three-layer samples printed at C.) 20% 

and D.) 15% infill, and thorn and mesocarp samples printed at E.) 20% and F.) 15% infill.  
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These tests show that the jackfruit inspired designs can be successfully utilized to improve the 

impact resistance of engineered materials. While the exact behavior of the structure may vary from 

that of the jackfruit due to differences in material properties, the broad effects of the architectures 

are consistent. The thorns disperse impact energy and contain damage near the surface of the 

sample. While jackfruit thorns disperse energy via bending, compressing, buckling, and splitting, 

thorns in the stiffer 3D printed samples disperse energy by splintering and breaking off of the 

material while still requiring tortuous crack paths for fractures that propagate between them. There 

are many bioinspired designs that offer beneficial properties for engineers to choose from. The 

thorn structure is a particularly useful design motif for several reasons:  

1. It can be transferred to materials with different properties (i.e. stiffness) while still 

providing benefits: Many bioinspired designs need to be replicated using materials that 

contain properties akin to those of the natural system. However, the thorn structure 

disperses impact damage along the surface of a material in both stiff and soft materials.  

2. It can be easier to fabricate: Unlike other common bioinspired designs that resist impact 

like conch shells or horse hooves, the thorn structure is not inherently composite and can 

be fabricated out of a single material, making it easier to manufacture. 

3. It can be combined with other designs: Many biological systems use composite interfaces 

as a means of fracture control [7] to improve impact resistance, but see these mechanisms 

breakdown, particularly near the surface, during impact scenarios [11]. Yet the thorn 

structure can yield preferential, tortuous cracking, even during impacts while using just a 

single material. This makes it a flexible design that can easily be combined with other 

toughening architectures to act as a first contact surface structure that reduces impact 

damage and channels initial cracking.  
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The tubules absorb strain energy by acting as a weak, porous layer that can easily collapse 

before the solid mesocarp layer. This phenomenon is diminished in stiffer samples yet was still 

observed in those without thorns. This suggests that the tubule layer would be the next to compress 

and fracture if impacted with more energy.  

7.4 Conclusions 

The jackfruit is the largest fruit in the world and is capable of withstanding tremendous 

falling impacts. The goal of this study was to understand how the jackfruit is able to survive such 

events. Here, we characterize the structure and composition of the jackfruit’s layers for the first 

time.  

1. MicroCT scans revealed a tubular layer that has a porosity of approximately 57% while 

SEM scans showed that the thorns on the exterior of the jackfruit have a fiber reinforced 

foam composite structure and are covered with an ordered, wavy skin. 

2. Toluidine blue O staining suggested that these fibers are lignified while the surrounding 

matrix is primarily composed of cellulose-rich parenchyma cells that increase in size and 

decrease in cell wall thickness towards the base of the thorn. As a result, the tip has a much 

higher cell wall density than the base.  

3. TGA suggested that the thorns had a significantly higher concentration of cellulose while 

the mesocarp contained relatively more lignin and the core contains excesses of 

pectin/hemicellulose. These results corroborated those of the staining experiments and 

agreed well with other studies.  

These structural and compositional findings were then connected to the behavior of each of the 

jackfruit’s layers with mechanical tests.  
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1. The lignin-rich mesocarp and pectin/hemicellulose rich core behaved relatively similarly, 

with the mesocarp samples generally reaching higher ultimate stresses. This suggests that 

these two layers form a sandwich structure around the tubular layer which collapses first 

when the outer three layers were compressed together.  

2. The thorn on the other hand, even when adjusted for its variable cross-section, plateaued 

at a relatively low stress value but did not see a decrease even when compressed to 30% of 

its original height. This is optimal for continuously absorbing impact energy during falling, 

when the exterior of the fruit can experience very high strains. The conical structure of the 

jackfruit thorn is also ideal for absorbing impact energy. As the strain on the thorn 

increases, so does the cross-sectional area. This means that the tip of the thorn absorbs the 

brunt of the impact energy collapsing easily, while the increasing cross-sectional area leads 

to a gradual increase in resistance. Ultimately, this makes the thorn an ideal impact surface 

energy-absorber.  

3. The irregular hexagonal base structure not only allows for optimal packing of the thorns, 

but it also led to increased crack tortuosity both during impact testing and during compact 

tension tests. Cracks prefer to initiate between the thorn and then to propagate around them 

rather than traveling through them. Furthermore, the thorn structure delocalized damage 

across the surface of the jackfruit.  

4. Compact tension tests revealed that even when driven through the jackfruit skin, cracks 

prefer to travel between the thorns. The skin also absorbed more energy during compact 

tension tests at faster crosshead speeds. 

The general structure of the jackfruit was then transferred to bioinspired designs to capture its 

mechanical capabilities. 
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1. During impact, the thorn structure effectively spread damage across the surface of the 

sample at all infills. Meanwhile, control samples of the same mass were punctured through 

their full thickness at low infills or experienced ultimate failure due to vertical cracking at 

high infills.  

2. In three-layer samples, strain was concentrated in the thorn layer during impact, while in 

two-layer samples composed of just a bioinspired mesocarp and tubular layer, nearly all of 

the pre-failure strain developed in the deeper tubular layer.  

3. These results suggest that jackfruit inspired designs can be transferred successfully to 

engineered materials. The jackfruit design in particular is quite useful since it can be printed 

out of a single material, can be successfully utilized in materials with different properties, 

and can be employed in tandem with other impact-resistant design elements. 
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Chapter 8. Conclusions  

 Biological materials exhibit a treasure trove of design strategies for engineers to learn from. 

Over millions of iterations, evolution has honed the structure of natural materials to withstand the 

demands placed on them by their environment. In materials that are subject to impact scenarios, 

organisms from across the natural world have converged on similar designs strategies to improve 

their impact resistance. This dissertation focuses on two of these systems: the horse hoof wall and 

the jackfruit.  

 While these two materials are composed of entirely different constituents, keratin for the 

hoof capsule and lignin, cellulose, hemicellulose, and pectin for the jackfruit, they each contain a 

structure that exhibits progressive failure of its features. In the jackfruit, this can be seen in the 

layer-by-layer collapse mechanism where the tubular layer buckles, before the thorns, and finally 

the mesocarp. In the hoof, the porous tubules have variations in shape, size, and bridge 

reinforcement which causes different medullary cavities to collapse at different stress levels. This 

allows the material to sacrifice just a portion at a time rather than experiencing complete failure at 

a specific stress level. It is also likely that the first regions to collapse are areas that will more 

readily recover and exhibit less plastic deformation than the rest of the material.  

 Both the jackfruit and hoof capsule also contain many of the design elements commonly 

observed in impact resistant biological materials including layered arrangements, sandwich 

structures, tubular features, and gradients. In the hooves, the layered structures work in tandem 

with the tubules to trap and redirect cracks. In the jackfruit, the tubules make up an entire layer 

themselves and absorb energy by collapsing and cushioning the fruit’s seeds. The hoof utilizes a 

gradient in hydration to dissipate internal stresses between each footfall via viscoelastic relaxation 
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and contain a gradient in tubular configuration that can reduce impact damage. The jackfruit thorns 

contains a gradient in cell size and cell wall thickness that increases the amount of material in the 

initial impact zone at the thorn’s tip.  

 Similarly, both systems contain hierarchical architectures in which fibers play a vital role. 

Figure 8.1 shows the remarkably similar fiber bridging mechanisms that occur behind the crack 

tip in both jackfruit and horse hooves. In each, the fibers are much smaller than other features that 

guide crack propagation, so the fibers are positioned to span the fracture interfaces as it moves 

through the material.  

 

Figure 8.1 Fiber bridging occurs in both jackfruit and horse hoof walls as cracks travel through the 

material. This toughening mechanism resists further crack propagation, slowing fracture and 

making the process more energy demanding.  

Several unique features were also observed in these systems. For example, in the horse 

hoof the physically intertwined nature of the tubular reinforcement toughens the interphase zone 

of the composite. This leads to several unique phenomena including tubule bridging, where whole 

tubules span the crack surfaces, crack trapping, where cracks become trapped in the planes of 

weakness between the tubule cortical layers, and fiber rupture during tubule pullout. The tubule 

bridges also bear a unique mechanical behavior, in which they resist collapse of the medullary 

cavity and absorb energy when it eventually does fail. Finally, viscoelastic modelling suggests that 
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the meso/macroscale features of the hoof wall play an important role in short-term relaxation to 

dissipate stress.  

In the jackfruit, the exterior thorns provide an initial impact layer that steadily resists 

loading as it collapses. The conical shape of the thorn has a small surface area at the tip. This 

means when the thorn is first impacted the force can easily initiate collapse of the structure. 

However, as the thorn is compressed the surface increases, as does the thorn’s resistance to 

collapse. The thorns have the added benefit of spreading the impact laterally to each of the thorns 

that comes in contact with the impactor while their irregular hexagonal bases trap cracks and cause 

meandering fracture paths.  

This dissertation shows that the designs used by nature to improve the impact resistance of 

biological materials can successfully be transferred to engineered designs. Using additive 

manufacturing several of these impact resistant strategies were tested: hoof-inspired samples 

showed that gradients in reinforcement can reduce damage and control crack propagation while 

jackfruit-inspired specimens distributed load across the surface of the sample during impact rather 

than allowing projectiles to penetrate or induce through-thickness splitting. However, many impact 

resistant features observed in these biological materials could not be captured via 3D printing, 

particularly those reliant on hierarchical structure. As processing techniques continue to improve, 

so too does our ability to capture the ingenious designs found in nature. Hopefully, this work will 

lay the foundation for future researchers looking to enhance the properties of engineered materials 

by learning from nature.   
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