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a b s t r a c t 

Natural protection offered to living beings is the result of millions of years of biological revolution. The 

protections provided in fishes, armadillos, and turtles by unique hierarchal designs help them to survive 

in surrounding environments. Natural armors offer protections with outstanding mechanical properties, 

such as high penetration resistance and toughness to weight ratio. The mechanical properties are not the 

only key features that make scales unique; they are also highly flexible and breathable. In this study, we 

aim to review the structural and mechanical characteristics of the scales from ray-finned or teleost fishes, 

which can be used for new bio-inspired armor designs. It is also essential to consider the hierarchical 

structure of extinct and existing natural armors. The basic characteristics, as mentioned above, are the 

foundation for developing high-performance, well-structured flexible natural armors. Furthermore, the 

present review justifies the importance of interaction between toughness, hardness, and deformability 

in well-engineered bio-inspired body armor. At last, some suggestions are proposed for the design and 

fabrication of new bio-inspired flexible body armors. 

Statement of significance 

In this study, we aim to review the structural and mechanical characteristics of the scales from 

ray-finned or teleost fishes, which can be used for new bio-inspired armor designs. It is also im- 
portant to consider the hierarchical structure of extinct and existing natural armors. The basic 
characteristics, as mentioned above, are the foundation for developing high performance, well- 
structured flexible natural armors. Furthermore, the present review justifies the importance 
of interaction between toughness, hardness, and deformability in well-engineered bio-inspired 

body armor. At last, some suggestions are proposed for the design and fabrication of new bio- 
inspired flexible body armors. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Many organisms live with body armor for protection against 

hreats. The existence of armors (bony plate, shells, scales, and os- 

eoderms) in the animal world is for a long time, such as 419- 

illion-year-old Placoderm fossil in China and 155~150-million- 

ear-old Stegosaurus in America and Portugal. Natural armors can 

enerally be classified into two types — scales and osteoderms. 
∗ Corresponding authors. 
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cales can be seen in many fishes (e.g., Arapaima gigas (dragon- 

sh), Mugil cephalus, Cyprinus carpio, Carassius auratus, etc. ). In con- 

rast, Osteoderms (i.e., bony elements form tough skin structures) 

re found in reptiles (crocodiles, alligators, and turtles). Mammals 

armadillo) also have armors that are sufficiently strong to prevent 

enetration [1] . The thickness of natural armors may vary from 

ractions of millimeters to 100 mm (e.g., scales of small fishes to 

inosaurs) of thick plates. Despite the size variation, the critical 

actor is the flexibility offered by these armors [2] . The ratio of ar- 

or plate to animal size can be termed as armor flexibility. Vari- 

us attributes of armors act as inspiration for designing synthetic 

ightweight, flexible, and high toughness armors [3,4] . 

https://doi.org/10.1016/j.actbio.2020.12.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2020.12.003&domain=pdf
mailto:dzhu@hnu.edu.cn
mailto:francois.barthelat@colorado.edu
https://doi.org/10.1016/j.actbio.2020.12.003
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Fig. 1. The arrangement, schematics of overlapping with examples of (a) Cycloid, (b) Ctenoid, (c) Ganoid, and (d) Placoid fish scale [2] . 
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Fish scales can be four major types: (i) cycloid, (ii) ctenoid, (iii) 

anoid, and (iv) placoid [5] . Different types of fish scales, along 

ith overlapping patterns, are shown in Fig. 1 . Cycloid scales have 

oncentric "ring"-like acellular structures, whereas ctenoid scales 

arry "comb"-like structures at the protective edges. The concen- 

ric rings represent the annual growth of a fish, as similar to the 

ree rings (dendrochronology — tree ring dating method). A thick 

ony structure at the top side with a ganoine or enamel made (in- 

rganic substance) surface layer is the unique feature of ganoid 

cales. These scales have a rhomboid shape with articulating "peg 

nd socket joints" between adjacent scales. In contrast, placoid 

cales show "tooth"-like structures known as dermal denticles. Vit- 

odentine (enamel-like substance) covers the outer layer of placoid 

cales, which cannot grow in size but increase in number with 

ime [2] . Additionally, one more type of scale named "cosmoid" 

5,6] was found in the earliest (fossil) fishes. These fossil fishes 

ere armed with bulky and bony scales that offered them effec- 

ive protection from predators [7] . 

Fish scales have become more flexible, lightweight (compared 

ith integumental skeleton), and often transparent (e.g., Juvenile 

urgeonfish ) throughout its natural evolution. The thin and flexible 

teleost" scale enhances the speed and swimming maneuverabil- 

ty of modern fish [8] . The thin, transparent, and collagen-based 

plate"-like elasmoid scales (i.e., cycloid and ctenoid) [9,10] offer 

mproved hydrodynamic properties [11] and resistance to penetra- 

ion. 

Various testing methods have been developed over the past few 

ecades for the mechanical and microstructural analyses of biolog- 

cal materials, including nacre [12] , armadillo [11] , and turtle. To 

he best of the authors’ knowledge, the first mechanical testing 

n fish scales was performed by Ikoma et al. [13] in 2003. This 

tudy reported the ductility aspects in the fish scale, which sig- 

ificantly improve the mechanical characteristics due to its unique 

esign. Since then, numerous studies have been performed on the 

echanical behavior of fish scales and inspired structures derived 
42 
rom them. This review paper aims to detail the structures, me- 

hanical behavior, and failure mechanisms of fish scales. Moreover, 

his review on the structure-property relationship can help in de- 

igning lightweight and flexible body armors. 

. Structure of teleost fish skin 

The teleost fish skin consists of two layers — the inner one 

s called "dermis," and the outer one is known as "epidermis" 

8,14,15] . Each scale is separately embedded in the fish skin pocket 

see Fig. 2 ) so that pocket can spontaneously lose its scale when- 

ver needed. In general, the epidermis and the outer surface 

f fish skins have unique features that make them suitable for 

enetration-resistant designs in the marine environment. The main 

onstituents of fish scales are calcium-deficient hydroxyapatite 

HAP) and extracellular matrix (type I collagen fibers). Both con- 

tituents form a high ordered 3D structure [9,16] . 

Several epidermis layers cover the surface of fish scales, as 

hown in Fig. 3 a. These layers are intricately patterned ( Fig. 3 b-

), resulting in an appropriate design of natural armor for the fish 

14] . Fig. 3 d-g demonstrate the variation in scale morphologies for 

our fishes from different regions (freshwater to seawater) [17] . 

he natural structures or structural orientations of the hard scale 

urface are attributed to the high resistance to wear or penetra- 

ion [18] . The entire epidermis, which comprises continuous micro- 

idges and short segments of micro-ridges, acts as a natural me- 

hanical defense system for fish protection. 

The external layer composes of randomly oriented mineralised 

ollagen fibers and mineral deposits (known as "osseous"). In 

he internal layer, coaligned collagen fibers form a "plywood"- 

ike structures, which are orthogonally arranged at different an- 

les, and the orientation of fiber angle depends on the fish scale 

19] . The cross-sections of typical fish scales are shown in Fig. 4 ,

hich demonstrates the outer and internal "collagen" layers in a 

sh scale. Fig. 4 a and c illustrate the optical micrographs of the 
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Fig. 2. (a) The hierarchical structure of Morone saxatilis, and (b) Skin of yellow perch: (1) epidermis, (2) dermis, (3) scales, (4) dense fibrous tissue, (5) pigment cells, (6) 

subcutis, (7) muscle, (8) septum, (9) dermis, (10) pigment cells, (11) scales, and (12) mucous cell [5] . (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 

Fig. 3. (a) The outer surface, the cryostat-faced edge of coho-salmon skin, muscle and Epidermis, (b-c) continuous micro-ridges and short segments of micro-ridges form a 

fingerprint pattern over the cell surface [14] , the surface morphology of scales obtained from (d) Cyprinus carpio , (e) Carassius auratus , (f) Mugil cephalus , and (g) Pristipomoides 

sieboldii [17] . 

43 
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Fig. 4. The cross-sections of different fish scales: (a) Arapaima gigas [22] , (b) Atractosteus spatula [20] , (c) Striped bass [7] , and (d) Polypterus senegalus [23] . 
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nternal and external layers of scales of Arapaima gigas and Striped 

ass , respectively. The external layers with a corrugated surface 

ndicate the rigid structures of the scale; the internal layers are 

oft collagen fibers ( Fig. 4 ). Fig. 4 b shows a scanning electron mi-

roscopy (SEM) image of an Atractosteus spatula scale (transverse 

ection) and differentiates lamellar bone, diffuse bone, and ganoine 

ayer [20] . The variation in the cross-sectional analysis of scale 

omponents indicates the importance of understanding the hierar- 

hical structure for designing a bioinspired armor. Fig. 4 d shows 

our layers (organic and inorganic) of a Polypterus senegalus fish 

cale, and these layers form a nanocomposite design contributing 

o outstanding mechanical properties for protecting against pene- 

ration [21] . 

The collagen fiber laminates are stacked with angles of 60 °–70 °
ith one another, thereby creating "Bouligand"-type [24] orienta- 

ions which look like a "helicoid" [2] , as shown in Fig. 5 . The an-

les of collagen fibers vary from species to species [25,26] . A single 

ollagen fiber has a diameter of 1 μm with a total collagen layer 

hickness of approximately 100 μm. The thicknesses of bony and 

ollagen layers of striped bass is roughly the same (i.e., 100 μm in 

he selected fishes), and the HAP mass fraction and density of col- 

agen are 46% and 3.17 × 103 kg.m 

−3 , respectively [7] . The outer 

ayer of a fish scale has more minerals than the internal collagen 

ayer [25,27] . 

The arrangement of scales over the fish body is important to 

onsider from the perspective of the strain-stiffing effect. Zhu et al. 

7] demonstrated that the arrangement pattern of the fish scale 

ould significantly improve the penetration strength. During swim- 

ing, when the fish body bends, it results in rotation and deforma- 
44 
ion of the adjacent scales. The adjacent scales with increased con- 

act side develop "strain-stiffing" properties due to the rearrange- 

ent of scales [28] . The rearrangement helps fishes in two aspects; 

rstly, it improves the drag force during swimming [29,30] and 

hen offers high penetration strength. Fig. 6 a-b illustrate the im- 

ortance of scale deformation mechanism when well-arranged fish 

cales (over the fish body) are subject to penetration load. The re- 

rrangement of scales forms a stiff barrier and also redistributes 

he applied force. However, in the absence of the scale arrange- 

ent, the applied force focuses at a point which is not desirable as 

t may cause severe damage under the attacking situation. There- 

ore, the rearrangement of scales is an effective protection mecha- 

ism in teleost fishes. 

. Mechanical properties and structures of teleost fish scales 

The Young’s modulus of engineering materials as a function of 

ensity is exhibited in Fig. 7 a [32] . A new lightweight bioinspired 

aterial with superior mechanical properties can be developed us- 

ng a combination of engineering materials and fish scales. The 

even inspirational features of biological materials (e.g., fish scales) 

escribed by the Arzt heptahedron [33–35] are as follows ( Fig. 7 b): 

i) self-assembly, (ii) self-healing, (iii) evolutionary and environ- 

ental constraints, (iv) the importance of hydration, (v) mild syn- 

hesis conditions, (vi) multi-functionality, and (vii) the hierarchy of 

tructure at nano-, micro-, meso-, and macro-levels. 

From a technical point of view, the fish skin (with scales) can 

ct as an inspiration for designing new engineering materials or 

tructures [35] with high mechanical performance under different 
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Fig. 5. The hierarchical structure of striped bass scale: (a) single scale, (b) cross-sectional view of the single scale with bony and collagen layers, (c) cross-ply structure of 

collagen fibers, (d) collagen fibrils [7] , and (e) schematic representations of bony and collagen layers in which (f) collagen fibers are arranged in the Bouligand pattern, and 

(g) constituents of a single fibril with HAP nanoparticles [27] . 

Fig. 6. Schematics of deformation mechanisms for fish skins under penetration test, and 2D representation of force diagram with force-distribution-status in fish skin: (a) 

without scales, and (b) with scales in which scales rearrange themselves during the penetration to distribute force throughout the skin [31] . 
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oading conditions. Fish skin has a hierarchical structure of scales 

rrangement, which makes it difficult to penetrate by a preda- 

or [2,3] . The current form of fish skin or other natural hierarchi- 

al structure is a result of millions of years’ evolution and offers 

mazing combinations of various constituents [36–38] . The build- 

ng blocks or constituents of these hierarchical structures (fish, 

one, and nacre) display unique and attractive combinations of 

echanical strength and toughness [12,39] . For example, the ex- 

ernal ganoine layer (see Fig. 4 d) with rich mineral zones protects 

he fish from predators. The inner collagen layer with collagenous 

bers (see Fig. 4 c) acts as a soft buffer for fish scales, which pro-
45 
ects fish skin from the direct impact of the attacker’s tooth. Zhu 

t al. [17] compared the surface morphologies, hierarchical struc- 

ures, and mechanical properties of four types of scales of fishes 

iving in freshwater and seawater. The results showed that struc- 

ural arrangement variations lead to changes in mechanical prop- 

rties in fish scales from different regions. Differences in spiral an- 

les in fish scales from New Zealand (with varying water regions) 

re shown in Fig. 8 a-d. Fishes typically develop or modify their 

cale structures as per the requirements of the surrounding en- 

ironments and defense priorities [40] . Therefore, without proper 

nowledge of surface morphologies, hierarchical structures, and 
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Fig. 7. (a) Young’s modulus as a function of density for various materials [32] , and (b) seven unique features of biological materials described by the classic Arzt heptahedron 

[33,34,42] . 

Fig. 8. The variations in the spiral angles of collagen lamellae for the teleost fish scales collected from different water regions in New Zealand [17] . 
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echanical properties [41] , including strength, stiffness, and frac- 

ure toughness, the development of bio-inspired flexible armors for 

uman protection is not feasible. 

.1. Tensile properties of teleost fish scales 

The tensile test is one of the basic mechanical tests to measure 

he strength and stiffness (Young’s modulus) of materials. Ikoma 

t al. [13] carried out tensile testing on fish scales ( Pagrus major ). 
46 
hey revealed that the behavior of the fish scale in tension was ini- 

ially linear, followed by plastic yielding before fracture. This yield- 

ng is a result of collagen fiber sliding and the pullout of individ- 

al fibers, as depicted in Fig. 9 . The mechanical properties, such as 

oung’s modulus and tensile strength of Pagrus major scales, are 

etermined as 2.2 ± 0.3 GPa and 93 ± 1.8 MPa, respectively. How- 

ver, this study inspired the researchers to investigate the mechan- 

cal properties of fish scales and its interrelation with scale loca- 

ion (over the fish body), presence of mineral content, and fiber 
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Fig. 9. (a) Typical tensile stress-strain curve of Pagrus major scales and its plastic yielding behavior, and (b) SEM image of the fractured sample showing breakage and pullout 

of collagen fibers [13] . 

Fig. 10. (a) Anatomical positions (head, middle, and tail) of the sample preparation and specifications of the sample ( Lt = 16 mm, L = 7 mm, and w = 3 mm), and (b) 

Moisture content versus drying time [45] . 
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Torres et al. [43] performed mechanical testing on A. gigas 

cales under dry and wet conditions. This study confirmed that 

ndividual fish scales behave similar to a composite laminate un- 

er different loading conditions. They observed successive failure 

odes during the tensile testing; as a result, Young’s modulus and 

ensile strength decreased after soaking scales in distilled water for 

our days. The tensile strength (53.86 ± 8.36 MPa) of dry samples 

as higher than that (22.26 ± 3.94 MPa) of wet samples. An im- 

ortant finding of this analysis was only 18% variation in strain 

nder both conditions, while the stress varied by nearly 60%. Lin 

t al. [44] tested the air-dried and rehydrated scales of A. gigas 

fter four days of distilled water treatment, and scales were ex- 

racted from the lateral part of the fish body. Tensile tests revealed 

hat the tensile strength (46.7 ± 4.6 MPa) for dry samples was sig- 
47 
ificantly higher than that (25.2 ± 7.3 MPa) for rehydrated sam- 

les. The linearity of the stress-strain curves of the tested scales 

as influenced considerably by hydration conditions. However, the 

ailure of the samples was similar to the failure of laminated com- 

osites with multiple peaks. Garrano et al. [45] investigated the 

echanical behavior of fish scales of Cyprinus carpio from differ- 

nt anatomical locations (head, body, and tail) as a function of 

oisture content in scales . They found that the mechanical behav- 

or of fish scale is highly dependent on the anatomical locations. 

his study also observed that anatomical locations influence the 

echanical properties of the scales ( Fig. 10 a). The loss of mois- 

ure content during the dehydration process depends on the drying 

ime. A higher amount of moisture loss occurred within the first 

our hours of dehydration; thus, the moisture loss in scale is de- 
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Fig. 11. (a) The arrangement of collagen fibrils in Striped bass scale, (b) Fiber pattern "R" and "C" layers in the scale, and (c) samples with different orientations for tensile 

testing [7] . 
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endent on the hydration time ( Fig. 10 b). The strength and elastic 

odulus of head scales were nearly twice than those of tail scales. 

mportantly, for the dehydrated samples, no significant difference 

n mechanical strength was observed among scales taken from any 

osition (i.e., from head to tail). 

The arrangement of collagen fibrils (see Fig. 11 ) and the ten- 

ile strength of the striped bass scale (on the whole scale and 

he collagen layer) were examined by Zhu et al. [7] . They found 

hat the angular variations affect mechanical properties. The ten- 

ile strength and Young’s modulus variations lie in the range of 30 

o 50 MPa and 600 to 850 MPa, respectively, for fish scales along 

 °, 45 °, and 90 ° from the longitudinal axis (anteroposterior axis) 

f the fish. The ultimate strain is the same for the samples with 

r without the bony layer (only collagen fibers). This finding im- 

lied that the behavior of collagen fiber is mainly controlled by 

he stretching of straight, individual collagen fibers. 

For identifying the possibilities of bio-inspired designs for flex- 

ble protective armor, the structural and mechanical characteris- 

ics of arapaima ( Arapaima gigas ) scales ( Fig.s 12 a-c) were inves-

igated [31] . The study concluded that the elasmoid scales con- 

ist of HAP and type-I collagen fibers, and the aspect ratio of the 

cale is approximately 50. The outer layer is highly mineralised, 

hereas the mineral content is low in the inner layer. The in- 

er layer or a combination of lamellae (with the thickness of 45–

0 μm) was arranged at different orientations (e.g., twisted ply- 

ood and Bouligand structures). Interestingly, the fibrils of the 

amellae were varied ( α1 = 86.70, α2 = –34.50, α3 = –69.20, 

nd α4 = 66.90), which proved that orientations of lamellae vary 

hroughout the sublayer section in A. gigas . The shape of col- 

agen fibers was cylindrical, and the packing of fibers in each 
48 
ayer was visible, as observed in TEM and AFM micrographs. The 

oung’s modulus and tensile strength (for the entire scale and 

ollagen layer) of the longitudinal samples were higher than the 

ransversely orientated samples ( Fig. 12 b-c). The ultimate tensile 

trengths of collagen layers in longitudinal and transverse direc- 

ions (36.9 ± 7.4 MPa and 21.8 ± 2.4 MPa, respectively) were 

reater than that (23.6 ± 7.2 MPa and 14.2 ± 1.1 MPa, respectively) 

f the whole scale. The major failure modes of scales, as shown in 

ig.s 12 d-f, are as follows: (a) delamination of lamellae, (b) com- 

lete breakage of the outer layer, and (c) fracture of collagen fibers 

ear the bony layer. 

The tensile properties of M. atlanticus fish scales are position- 

i.e., head, middle, and tail) and fiber orientation-dependent, as ob- 

erved by several authors [46,47] . Notably, the higher mechanical 

roperties in scales from the head region are due to the presence 

f a higher number of plies with the parallel sublayer-fiber direc- 

ion. The mechanical features (e.g., tensile strength and toughness) 

f carp scales [47] are more compliant than other armors/tissues 

uch as arapaima scales [44] , human femur bone [48] , bovine cor- 

ical bone [49] , horn keratin [50] , and rat-tail tendon [51] . In ad-

ition, the mechanical properties of fish scales of Asian carp de- 

end on the loading strain rates from 10 -4 to 10 3 s -1 . Tensile tests 

ith varying strain rates (for comparative analysis of elastic mod- 

lus) on Asian carp, Arapaima showed that the mechanical charac- 

eristics of scales are similar to human femur bone, horn, and rat 

ail tendon. Moreover, the fracture microstructure of damaged fish 

cales proved that scale’s structure is more suitable for penetra- 

ion loading as compared to tensile loading [47] . Zhu et al. [17] ex- 

mined the mechanical properties of four different types of fish 

cales (see Fig. 3 d-g) and concluded that the hierarchical struc- 
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Fig. 12. (a) Overlapped scales of Arapaima fish showing longitudinal and transverse directions selected for mechanical testing, (b, c) Tensile stress-strain curves in longitudinal 

and transverse directions for collagen and collagen + mineral layers, respectively, (d) side view of fractured scale showing delamination of different layers, (e) top view of 

the fractured surface showing complete fracture of bony layer and exposed collagen fibers, and (f) the fracture of outer layer after tensile testing and the separation of 

collagen layers from the outer layer [31] . 
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ures of scales significantly affect the mechanical properties. The 

ariation in scale causes a change in strength (maximum strength 

n Carassius auratus scales) and toughness (maximum toughness in 

ristipomoides sieboldii scales). Therefore, studying the mechanical 

ehavior of a wide variety of fish scales is necessary to design and 

evelop the bioinspired armors with optimum mechanical features 

i.e., high strength and toughness). 

.2. Puncture and indentation properties of teleost fish scales 

Skin and scales should protect the fish from predators’ teeth 

52,53] or a sharp object penetration [54] . The bite force of a pi- 

anha (weighing 1 kg) is equivalent to about 20 N [52] . During 

n attack, this bite force is concentrated over a small area of a 

ingle scale. Meyers et al. [52] identified the situation at a battle 

n Amazon between arapaima and piranha . They also performed a 

enetration test on the internal and external regions of arapaima 

cale using a real piranha tooth and compared the results with the 

est results stemmed from synthetic rubber and salmon meat (see 

ig. 13 ). The finding infers an important aspect of developing bioin- 

pired armors. A piranha tooth failed to penetrate the hard-mineral 

ayer of the fish scale regardless of the complicated structure of the 

ooth. By contrast, internal collagen fibers or soft layers were en- 

irely fractured by the tooth. However, a combination of strong and 

oft materials (e.g., fish scale) can be used to make a commendable 

esign for the puncture resistance [7] . 

Understanding the basic fracture mechanisms involved during 

he complete penetration of a fish scale is essential to develop an 

rmor inspired by fish skin structure. Zhu et al. [7] investigated 

he puncture process on the whole scales ( Fig. 14 a) of striped bass

sh using a sharp steel needle ( R = 25 μm). The load-displacement 

urves of fish scale, polycarbonate, polystyrene, and collagen are 

hown in Fig. 14 b. The fish scale showed considerably better load 

esponse and resistance against puncture than the polymers. Se- 
49 
uences of puncture tests were also presented and divided into 

hree stages, as follows ( Fig. 15 ): (i) Stage I shows a linear region

ith increasing load; the bony layer of the scale carried this load. 

t the end of stage I, a slight drop in load was observed at 2 N

wing to the initial fracture of the bony layer. (ii) During stage II, 

he load was carried by both bony and collagen layers. The load 

ontinuously increased until reaching the complete delamination 

f the bony layer with the formation of four "flaps", and the com- 

lete penetration of the bony layer happened at the end of this 

tage. (iii) At stage III, the needle started penetrating the collagen 

ayer, and a continuous drop in load-carrying capacity was seen 

ith the delamination between bony and collagen layers. Further 

nvestigations using an idealised puncture configuration showed 

hat two forces resist the deflection of flaps; namely, (i) bending 

oment transmits through the ligament of the bony layer, and (ii) 

he intact collagen layer acts as a "retaining membrane" for the 

aps. 

Puncture tests on multiple overlapped fish scales [55] were also 

erformed and found that the overlapping of three scales increases 

he puncture force by three times compared with a single scale. 

ig. 16 depicts the experimental method adopted for puncture tests 

nd the load-displacement curves for puncture tests of 1, 2, 3, 5, 

nd 10 scales. The study demonstrated that the focus of the scale 

as the maximum puncture resistance due to its larger thickness 

ompared to the other locations (e.g., posterior, anterior, ventro- 

ateral, and dorso-lateral) in the scale. 

The puncture tests for different scale arrangements (see Fig. 17 ) 

uch as stacked, staggered (natural) overlap, and rotated were per- 

ormed by Zhu et al. [55] . There was no influence of various ar- 

angements of scale on stiffness. The same penetration resistance 

nd a slight difference in peak load were measured in the case of 

taggered overlap and rotated arrangements. Ghods et al. [47] anal- 

sed the dynamic responses at 0.5, 5, and 50 mm/s loading rates 

f fish scales from the head, middle, and tail regions and compared 
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Fig. 13. Puncture testing on ’ Arapaima ’s scale using piranha tooth: (a) external regions and (b) internal regions; compressive stress-strain curves for (c) salmon meat and (d) 

synthetic rubber [52] . 

Fig. 14. (a) Puncture testing of striped bass scale with a steel needle and (b) puncture force versus displacement curves for various materials [7] . 

50 
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Fig. 15. (a) Force versus displacement curve showing the fracture stages of Striped bass scale, (b) fracture mechanism of bony and collagen layers, and (c) SEM images of 

fracture process from the bony and collagen sides [7] . 
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hem with the thermoplastic polymers (i.e., polycarbonates (PC)). 

he maximum load-carrying capability was observed in the head 

cale at the loading rate of 50 mm/s. This is because of the pres-

nce of high mineral content in the external layers of fish scales at 

he head region. 

The natural dermal protection offered by fish scales is a unique 

ombination of highly mineralised external "bony" and soft inter- 

al "collagen" layers. These hierarchical structures (anisotropic) en- 

ble several pathways to improve the existing dermal armors in 

 revolutionary manner [23] . Therefore, hardness analysis of fish 

cale (micro/nano-indentation) is an important aspect to determine 

he mechanism involved in designing bioinspired armors. Nano- 

ndentation tests were performed on P. senegalus scale (see the four 

ayers of scale in Fig. 4 d and Fig. 18 ) [23] to measure the pene-

ration resistance, elastic and plastic properties. The results of the 

ests ( Fig. 18 a) indicated that the indentation modulus (approxi- 

ately from 62 GPa to 17 GPa) and hardness (approximately from 

bout 4.5 GPa to 0.54 GPa) decrease with increasing indentation 

epth [56] . The mechanical properties are different for each layer, 
ut the maximum indentation modulus of about 62 GPa and hard- t

51 
ess of about 4.5 GPa are found for the bony layer (i.e., the ex- 

ernal layer of the fish scale). With increasing depth, the collage- 

ous dentin layer exhibits less mineral content than the ganoine 

ayer, but more mineral content than the osseous basal plate [21] . 

he microstructure of the outer ganoine layer is "rod"-like pseudo- 

rismatic crystallites of apatite. Isopedine (the third layer) consists 

f orthogonal collagen layers similar to the plywood structure. The 

nnermost layer has a collagen fiber-rich zone with a maximum 

hickness of 300 μm. 

The detailed results for nano- and micro-indentation of differ- 

nt layers (i.e., ganoine to the bone plate, and epoxy) are shown 

n Fig. 19 [23] . The study reported that the outer ganoine layer 

s a multilayer structure which offers a stiff barrier against nano- 

o micro-indentation. The penetration load dissipates through the 

nderlying dentin layers. The entire process of load dissipation 

s controlled by the anisotropic structure of the fish scale. This 

ondition is the underlying design principle for developing new 

ioinspired materials. Each layer of the scale was scanned using 

apping-mode atomic force microscopy (TMAFM) after the indenta- 

ion tests, and the measurement confirmed the plastic deformation 
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Fig. 16. (a) Puncture tests on Stacked fish scales, (b) force versus displacement curves for 1, 2, 3, 5, and 10 scales, (c) different positions (anterior, posterior, dorso-lateral, 

and ventro-lateral) in a fish scale, and (d) force versus displacement curves for different positions in a fish scale [55] . 
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f the scale (see Fig. 19 ). For the micro-indentation at 1 N maxi-

um load, the TMAFM and optical micrographs showed that the 

anoine layer is under a brittle-failure condition and the fracture 

s a circumferential crack pattern. 

The stress generated during the indentation can be compared 

ith the finite element analysis (FEA) for the discrete and gradi- 

nt structures of the scale. The results from the FEA show a good 

greement with the measured results ( Fig. 20 ) [23] , and the simu-

ation can be used for stress analysis of scale for predicting various 

ailure modes. For example, no cracks were observed at 0.5 N load, 

he deformation followed an elastic-plastic pattern, and nearly half 

f the sample showed the circumferential cracking at 1 N load. 

ll the samples showed circumferential cracks at a load of 2 N 

 Fig.s 20 b-c). The cross-sectional SEM image ( Fig. 20 d) demon- 

trated the micro-cracking within the sublayers of isopedine lay- 

rs. The generated cracks were in the orthogonal direction and ar- 

ested at the edges of the layers. The micrograph ( Fig. 20 e) of the

anoine-dentin junction indicated an important aspect of the junc- 

ion, which contributes to the ability to arrest cracks. 

The ganoine-dentin junction transfers the load to the underly- 

ng softer layers, and the stiff layer dissipates the load. A signifi- 

ant increase in the circumferential cracking ( S22 > S11 ) is benefi- 

ial as compared with radial failure. The isopedine layer prevents 
52 
ny catastrophic failure because the structure is in the form of ply- 

ood, which fails layer by layer. Therefore, the unique combina- 

ion of various layers simultaneously provides different mechani- 

al properties. The multilayer FEA showed the stress pattern gener- 

ted during the indentation test ( Fig. 21 a-c). The simulation results 

an be useful in understanding various aspects, such as layer-by- 

ayer stress pattern, stresses at junctions, and discrete and gradient 

odels at 1 N indentation load. 

Allison et al. [20] performed nano- and micro-indentation (Vick- 

rs) tests on A. spatula scales to analyse the damage and cracking 

atterns along with mechanical protective mechanisms. The tests 

ere performed to characterise the mechanical properties such as 

lastic modulus and hardness ( Fig. 22 ). The mechanical properties 

ound from this test are similar to those obtained by Bruet et al. 

23] , as shown in Fig. 15 a, i.e., the ganoine layer has the maxi-

um hardness and elastic modulus. In another study, the micro- 

ndentation was performed to examine the fracture behavior un- 

er the indentation test [20] . Fig. 23 a-d show the micrographs for 

he indentation performed at loadings of 1, 5, and 10 N on the sur- 

ace of scale specimens. The circumferential cracks ( Fig. 23 d) were 

isible under 5 and 10 N loads due to the shear stress generated 

y the indenter. The cracking in all layers of the scale can be ob- 

erved in Fig. 24 a. The cracks in the ganoine layer are brittle and
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Fig. 17. (a) Puncture site for various arrangements (stacked, staggered overlap, and rotated), (b) force versus displacement curves of puncture test for different arrangements, 

and (c) deformation mechanisms of scales with different arrangements [55] 
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elatively smooth ( Fig. 24 b). Fig. 24 c displays the delamination at 

he interface during micro-indentation. The growth of crack and 

ber bridging in Fig. 24 d shows a ductile failure of the inner layer.

hese cracks (developed in A. spatula [20] and P. senegalus scales 

23] ) are advantageous because deformation and fracture are lo- 

ated at the indentation point instead of propagating throughout 

he material. 

.3. Fracture properties of teleost fish scales 

Fish scales have outstanding stiffness, but undesirable brittle- 

ess leads to a lack of toughness [59] . However, the unique com- 

ination of hard/stiff external layers with internal soft layers offers 

utstanding fracture toughness in fish scales. Yang et al. [60] stud- 

ed the fracture toughness of alligator gar ( A. spatula ) fish scales. 

hree-point bending tests were performed to measure R-curves 

crack-resistance curves) as a function of crack initiation and prop- 

gation, along with three different orientations under dry and wet 

onditions (see Fig. 25 a-b). For orientation 3, the highest slope (in 

-curves) was measured owing to the orientation of collagen fibers 

elative to the crack growth. For orientations 1 and 2, the tubule 

nd collagen fibers were slightly angled with the crack propagation 

irection. Orientation 3 exhibited a nearly perpendicular orienta- 

ion for the tubule and collagen fibers with respect to the crack 
53 
rowth direction, as shown in Fig. 26 a-c. The 3D visualisation of 

rack propagation for dry and wet scales is provided in Fig. 26 d-e, 

espectively, which confirmed that the crack in wet samples prop- 

gates relatively in a straight line ( Fig. 26 e). The SEM images of the

rack path in Fig. 26 f-g show similar propagations. 

Both samples (dry and wet) were in good condition after the 

racture toughness test [60] . The good condition is because cracks 

nly appeared during the test, and there was no major fracture. For 

he dry scale samples, cracks propagated in the direction of tubules 

nd collagen fibers. For the wet scale condition (physically realis- 

ic condition), the crack did not follow the direction of tubules and 

ollagen fibers. The anisotropy and plasticity of wet samples can 

elp in preventing any catastrophic failure in any situation. Dast- 

erdi et al. [61] proposed a new fracture test technique for the frac- 

ure toughness analysis of the whole scale ( Fig. 27 a), and the bony 

nd collagen layers extracted from modern teleost fish. Small steel 

lates were clamped to the sample to transfer uniform loading and 

o provide controlled crack propagation during the tests. The bony 

ayer (high mineralisation) was insensitive to the notch, which in- 

icates the high toughness of the fish scale. The properties of the 

hole scale were significantly affected by the pre-crack positions 

ver the scales, as shown in Fig. 27 b-c. Additionally, the direction 

f crack propagation was also highly influenced by the fiber orien- 

ation in the sublayer [61] . 
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Fig. 18. (a) Four different layers of Polypterus senegalus scale [57] , (b) anisotropic constitutive behavior of outermost individual layer (organic-inorganic nanocomposites), (c) 

anisotropic structure of ganoine layer, and (d) inherent crystalline anisotropy [58] . 

Fig. 19. (a) Indentation modulus and hardness as a function of distance across the scale thickness (epoxy layer represents the embedding zone), (b) nano-indentation values 

for modulus and hardness for different layers, (c) micro-indentation property, i.e., simulated effective indentation modulus, and (d) simulated effective micro-hardness and 

experimental value [23] . 
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Fig. 20. (a) Experimental and FEA results for 1 N load nano-indentation, (b) indented surface at 1N load, (c) circumferential cracks in micro-indentation at 2 N load, (d) 

cross-sectional image of isopedine layers, and (e) sectional view of ganoine and dentine layers [23] . 
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Structural and mechanical analyses of the fish scale are cru- 

ial to designing a bioinspired armor. The fracture testing re- 

ults showed that the fracture toughness of fish scales was higher 

han that of bone (1–10 kJm 

−2 ) [62] and mammalian skin (10–

0 kJm 

−2 ) [63] . The optical image ( Fig. 28 a) was also analysed to

xhibit the defibrillated structure, thereby elucidating the mecha- 

isms involved in fracture. The individual scales’ interlaminar frac- 

ure toughness test with experimental results is shown in Fig. 28 b- 

 [61] . Murcia et al. [64] investigated the effects of temperature 

ariation (–150 °C–21 °C) on C. carpio scales. The scale samples 

ere collected from three locations, i.e., head, middle, and tail 

similar to Fig. 10 ). The testing samples were punched at three dif- 

erent orientations (0 °, 45 °, and 90 ° with the longitudinal axis), as 

hown in Fig. 11 c. Tear tests (mode III) were further performed to 

alculate the fracture toughness of the fish scales at various tem- 

eratures. This investigation revealed that the scales from the head 

egion (0 ° orientation with longitudinal axis) have the maximum 

racture resistance and tear energy (see Fig. 29 ). The maximum 

esistance to fracture energy was measured at 50 ± 25 kJm 

-2 for 

he head scales with a 0 ° orientation ( Fig. 29 a-c). The fracture re-

istance decreases due to the continuous decrease in elasmodine 

ayers (external and internal) from the head to the tail regions 

 Fig. 29 d-f). A reduction in fracture toughness is observed with 

ecreasing temperature (from ambient to liquid nitrogen temper- 

ture), and nearly 75% reduction in work fracture of scales is also 

bserved. This result indicates the significance of considering tem- 

erature variations for the bio-inspired armor design due to their 

irect influences on the fracture (tear) performance, depending on 

he environmental conditions where the bio-inspired design will 

e used. The mechanical performance (tear resistance) also de- 

reases with decreasing anisotropy (from head to tail). 
55 
Recent findings on the toughness of Arapaima scale by Yang 

t al. [65] proved that the two-layered Arapaima scale is one of the 

oughest flexible biological materials. This scale also has high load- 

earing and substantial deformation resistance capabilities without 

howing any catastrophic failure. The collagen lamellae can resist 

eformation because of the reorientation, separation, delamination, 

hearing, and twisting of collagen fibers. 

. Bioinspired human body armor 

The bio-inspired concepts have proven their importance in de- 

igning new structures that can eliminate (or minimise) the de- 

ign constraints related to fundamental mechanical properties such 

s brittleness, toughness, and ductility. One of the prevalent ex- 

mples is the removal of brittleness in glass and ceramics [66] . 

he manufacturing concept for building new structures inspired by 

atural phenomena is the layer-by-layer deposition similar to the 

rick-and-mortar pattern [67] , additive manufacturing, rapid proto- 

yping, and self-assembly [68–71] . This concept allows developing 

ew strategies to combine materials with distinguished properties 

uch as toughness and hardness with higher strength. For example, 

he nacre and conch shell structures combine hard and soft phases 

rranged in the brick-and-mortar pattern at the microscopic level 

72] . As a result, the crack direction follows a particular pat- 

ern between the interfaces during the crack propagation in the 

acre, resulting in a tortuous path [73] . This specific crack prop- 

gation behavior contributes to higher energy dissipation, mak- 

ng the nacre structure ’a best design’ for high-performance bio- 

nspired material. For taking advantage of the nacre’s structure, 

he ice-templating technique can be used to mix liquid-phase pre- 
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Fig. 21. Multilayered finite element simulation for stress contours, plastic strain, and pressure fields of a P. senegalus scale for three models: (a) all ganoine, (b) discrete, and 

(c) gradient models for 1-N-maximum-load indentation showing von Mises stress field, S22 (normal stress on the plane perpendicular to the two axes), S11 (normal stress 

on the plane perpendicular to the one axis), S33 (normal stress on the plane perpendicular to the three axes), S23 (shear stress on the plane perpendicular to the three axes 

acting in the two directions), plastic equivalent strain after fully unloading, and pressure at maximum depth when fully loaded [23] . 
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ursors such as silica and calcium in the gaps produced in alu- 

ina nanoparticles during the sintering process [74] . Bouville et al. 

74] used this concept to fabricate bulk ceramic designs with- 

ut any ductile phase, offering high strength (470 MPa), tough- 

ess (22 MPa m 

1/2 ), and stiffness (290 GPa). Other natural designs, 

uch as fish scale, tooth enamel, stomatopod dactyl club, and bone 

tructure, can also be made, combining various properties with 

 distinct geometric structure that provides superior mechanical 

roperties. Therefore, the various design factors responsible for the 

nique mechanical properties in teleost scales are sought in this 

tudy. 

Besides being an ancient creature, fishes are the most success- 

ul vertebrates. The main reason for this is their ability to improve 

hemselves over the evolution period and adapt to a new environ- 

ent. The fishes currently make up nearly 50% of the population 

f all living vertebrates [75,76] . Such a massive number of popu- 

ations infer their ability to survive from the initiation of life on 

arth. The Lorica Plumata and Lorica Squamata armors were in- 

pired by fish scales [77] , and they provided protection for the 
56 
uman body [40] . With the development of engineering technol- 

gy, researchers have studied the compositions and structural pat- 

erns of fish scales (or skin), and the specific and unique fea- 

ures [78,79] that are responsible for their survival from preda- 

or attacks. Researchers have also used many advanced techniques 

uch as 3D printing to develop advanced fish-scale-inspired flexi- 

le body armors for personal protection [80–83] . 

Meyers et al. [52] discussed the concept of flexible compos- 

tes with minimum tensile strain at mineral layers. These layers 

isplay flexural resistance capability when the axis is parallel to 

he edges of the corrugations, as shown in Fig. 30 a-b. Zimmer- 

ann et al. [84] focused on the "Bouligand"-type structure in nat- 

ral dermal armors. They found that the "plywood"-type structure 

i.e., "Bouligand"-type structure) of collagen fibers is the key fac- 

or for high toughness and ductility in arapaima ’s scale. This scale 

hows tough behavior from the outer side because of its high min- 

ral content. The inner layers with "Bouligand"-type structure pro- 

ide the ductile response under the tensile test. The reorientation 

f a lamina takes place as a reaction to stress generation with the 
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Fig. 22. Mechanical properties for the A. spatula scales determined from nano-indentation tests (total length of the cross-sectional scale is ~800 μm) [20] . 

Fig. 23. Optical micrographs of Vickers micro-indentation tests at (a) 1 N, (b) 5 N, and (c) 10 N loadings on the surface of the A. spatula scales, and (d) SEM image of 

circumferential cracks developed at 10 N loading [20] . 
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tress-induced in collagen layers (isotropic). The lamellae rotate in 

he direction of stress-induced in the tensile test, and fibrils slide 

r stretch along with the principal orientation ( Fig. 30 c-f). Hence, 

his ductile behavior prevents the breaking of the scale under ten- 

ile loading. 

Martini et al. [85] studied the mechanical interactions (between 

ard scales and soft-substrate tissues) that help in load distribu- 

ion due to the unique optimum arrangement of the scales on fish 

kin. The findings of this study are important for developing bioin- 

pired designs. As shown in Fig. 31 a, the vertically applied force on 

 single scale caused free movement of the substrate layer, and the 

eaction force was opposite to the direction of the applied force. In 

he presence of neighboring scales ( Fig. 31 b-c), the free movement 

f the substrate layer was hindered, and the direction of the reac- 

ion force changed toward the horizontal line. This feature is vital 

or a bioinspired design as the neighboring scales directly inter- 

ere with the reaction force. The slanted geometry ( Fig. 31 c) was 

table and distributed the load uniformly. The orientation and ge- 
57 
metry of hard and soft components helped in improving penetra- 

ion resistance and offered high flexibility in movement. Fig. 31 d 

hows the flexural compliance subjected to major and minor over- 

apping conditions with different types of scale arrangements and 

eometrical modifications. The puncture resistance versus flexural 

ompliance (Ashby chart) characteristics for all considered design 

arameters can be seen in Fig. 31 e. 

Different parts of the body move with the movement of every 

ndividual, and hence the body requires greater flexibility. Rudykh 

t al. [86] presented a multifunctional and competitive design for 

rotection and termed it as "protecto-flexibility," i.e., protection 

ith flexibility. This design was fabricated using the 3D printing 

ethod. A range of microstructural arrangements was produced by 

arying the scales volume fractions of 0.1, 0.2, 0.3, and 0.4, and in- 

lination angles of 10 °, 20 °, 30 °, and 45 ° relative to the substrate.

he proposed design ( Fig. 32 a-c) signified that the safety (provided 

y protective equipment) in terms of penetration resistance could 

e ensured without compromising the flexibility. The indentation 



P. Rawat, D. Zhu, M.Z. Rahman et al. Acta Biomaterialia 121 (2021) 41–67 

Fig. 24. (a) The tortuous path of the crack growing from ganoine layer to inner layers, (b) cracks in ganoine layers, (c) delamination at the interfaces, and (d) bridging at the 

crack tip in bony layers [20] . 

Fig. 25. (a) R-curve testing orientations with specimen dimensions, and (b) toughness versus crack extension for selected orientations under dry and wet conditions [60] . 
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Fig. 26. SEM images of the fracture surfaces after crack growth in toughness tests and status of collagen fibers showing the crack growth after testing (a) orientation 1, (b) 

orientation 2, and (c) orientation 3 (see also Fig. 25 a), representation of visualised crack path in (d) dry scale, (e) wet scale, and (f, g) SEM images of crack growth [60] . 

Fig. 27. (a) Miniature fixtures of stainless steel for fracture testing, (b) types of pre-cracks in preparing samples, (c) load-carrying capacity, and work of fracture with different 

samples [61] . 
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Fig. 28. (a) Optical image and schematic diagram of the softening region for fractured bony layer and defibrillated crack bridging of collagen fibers, (b) sample preparation 

and schematic diagram for peel test of a scale, and (c) force versus displacement curves obtained by peel test [61] . 

Fig. 29. (a) Tear energy responses for scales from the head, middle, and tail regions with 0 °, 45 °, and 90 ° orientations, (b) tear energy versus displacement, (c) tear work 

versus temperature; SEM images of the cross-sectional view of scales from the (d) head, (e) middle, and (f) tail regions for showing that the thickness is not equal in three 

regions [64] . 
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Fig. 30. Schematic diagrams of ’Arapaima’ s gigas scale: (a, b) the channels in the mineralised layer for minimum tensile strain under loading in normal condition and flexed 

configurations [52] , (c) rotation due to inter-fibrillary sliding in axis direction where ψ0 reoriented to ψ1 by changing length L0 to L1 , (d) stretching of collagen fibers, (e) 

tensile opening of the inter-fibrillary gaps, and (f) sympathetic lamella rotation [84] . 

Fig. 31. Free body diagrams of scales resting over soft substrate under puncture tests: (a) single rectangular scale, (b) multiple scales surrounded by each other, (c) slanted 

scales which generate better interactions with neighboring scales, (d) comparison of the flexural compliance at small deflections for all proposed designs, and (e) the 

representation of flexural compliance and puncture resistance for the proposed designs [85] . 
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orce improves with the stiff volume phase of the protective de- 

ign. The stiffest response is reported for the bi-layered scale with 

 volume fraction of 1.0, and the indentation force drops with an 

ncrease in the inclination angle. 

The flexibility of the protective equipment depends on the com- 

liant matrix shearing deformation mechanism. Therefore, careful 

election of parameters (at the microscopic scale) can have the 
61 
bility to attain multifunctional designs. Funk et al. [87] fabricated 

 bioinspired fish skin (in deformed and undeformed forms) using 

he combination of engineering materials (see Fig. 32 d-e) for high 

exibility with the improved mechanical performance [87] . This 

tudy found an essential key feature, namely, the flexural com- 

liance required for unhindered motion. Synchronising the feature 

f the hard-mineralised layer with soft and flexible inner collagen 
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Fig. 32. Bio-inspired armor designs: (a-c) Micro-structured elasmoid scale armor [86] with angular scales for optimising the angle of scale for improved mechanical prop- 

erties, (d, e) synthetic fish skin [87] with protective scales in rolled and flat view, respectively, (f) flexible membrane with ceramic scales for protection with flexibility [88] , 

(g) torsional deformations, and (h) large flexural deformations. 
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ayers is the most important challenge to achieve. Therefore, the 

uman-made skin inspired by the teleost fish skin was modeled 

or in-plane and flexural deformations puncture tests. The outcome 

f this synthetic fish skin was similar to the performance of natural 

eleost fish. So, such skin can be used to protect the coating of soft 

aterials because it is lightweight, transparent, and protective. The 

nvestigation of the stretch-and-release mechanism [88] of over- 

apped ceramic scales indicated that a bio-inspired design with a 

ombination of hard ceramic scales and softer substrate ensures 

he possibility of large deformation under soft skin stretching con- 

itions (see Fig. 32 f-h). 

The investigation by Funk et al. [87] highlighted that high- 

olume fractions of scales with the low angle of inclination offer 

he highest penetration resistance (penetration stiffness) ( Fig. 33 a- 

), which increases with increasing depth. The penetration resis- 

ance enhances up to 40 times (without any perforation and frac- 

ure in the tested specimen), whereas the flexibility decreases five 

imes. The maximum penetration resistance can be obtained using 

mall-scale skin with large overlaps. The results of sharp puncture 

ests are shown in Fig. 33 c-d, which present a comparison of scale 

kin with large overlaps, small overlaps, continuous aluminum (Al) 

trips, and silicon membrane. The highest penetration force was 
62 
chieved from the scaled skin with large overlaps, but instanta- 

eous failure was seen in this case. The small-overlap scaled skin 

howed multiple fractures during the test. 

The four-point bending tests ( Fig. 33 e) for flexural performance 

howed the interaction of scales with intrados and extrados sides 

nder loading. Scales on the intrados side performed well and 

chieved higher bending moment (with smaller scales and over- 

aps) as compared to the scales on the extrados side. On the op- 

osite side, no scales interacted with one another, and they were, 

herefore, unsuitable for a bioinspired design. Synthetic skin can be 

pplied as a suitable material for developing bioinspired designs. 

 bioinspired glove was designed (partially) with all the neces- 

ary parameters in terms of flexibility and strength, as shown in 

ig. 34 (a-f). 

Another critical feature is the interfacing of two adjacent com- 

onents of fish skin. The interfaces of natural designs of species 

fishes) are in perfect geometrical shape with optimised fitting 

rrangements. These natural interfaces have remarkable mechan- 

cal features, i.e., the bonding parameters significantly influence 

he mechanical properties. Lin et al. [89] performed mechanical 

esting on 3D printed polymer prototypes with four types of in- 

erfaces (triangular, rectangular, trapezoidal, and anti-trapezoidal). 
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Fig. 33. (a, b) The effect of volume fraction and inclination angle of scales, respectively on the composite flexibility as a function of bending stiffness [86] , (c) a comparison 

of force versus deflection curves for puncture test of synthetic skin, continuous alumina strip, and a silicone membrane, (d) puncture resistance versus scale overlap ratio 

(for different scale lengths), and (e) flexural response of the scaled skin (intrados and extrados sides) [88] . 

Fig. 34. (a, b) The garfish and the close view of scales, respectively, (c) development of hard ceramic plate and soft substrate-based armor structure inspired by garfish scale, 

(d-f) different positions for justification of flexibility in Kevlar glove (partially covered with synthetic scaled skin) [40] . 

63 
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Fig. 35. (a-c) The gar scales produced by 3D printing using ABS (acrylonitrile, butadiene, and styrene) materials, (d) the assembled scale model (zirconia tiles) placed over 

Kevlar fabric for better flexibility [40] ; (e, f) 3D-printed bichir fish and Polypterus senegalus head scales, respectively, and (g, h) tail scales and their interfaces, respectively, 

with higher flexibility, where (e, g) rotation around u-axis, (f, h) translation along u-axis [91] . 

Fig. 36. (a) Fish scale inspired body armor vest design with overlapping scales, (b) cross-section of the vest with constituents, and (c) 3D FEA model for simulating ballistic 

performance using LS DYNA [92] . 
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hey found that mechanical properties such as strength, stiffness, 

nd toughness depend on the interfacing parameters (i.e., bonding 

ength, angle, and geometry). Each interfacing parameter affects 

echanical properties. The angular arrangement of the tooth tip 

nfluences the overall performance (strength, stiffness, and tough- 

ess) of the fabricated structure. 

The stress pattern and failure in the interfacial layer under 

ensile loading are affected by interfacial length. The triangular 

tructure interfaces perform best because of uniform strain distri- 

ution. The most advanced manufacturing technologies (e.g., ABS 

or 3D printing and zirconia for machining) [40] can be used to 

anufacture ( Fig. 35 ) replicate designs of fish scales (gar scales) 

ith perfect shapes and fittings for interacting with one an- 

ther. Nonetheless, these designs require a full-body biomechanism 

76,90] , which is relatively complicated. 

Computational analysis using ANSYS/MATLAB/LS-DYNA can be 

erformed for analysing a proposed model with various design pa- 

ameters. These design parameters can be optimised using simula- 

ion tools well before the development begins, and they also save 

ime and capital investment in manufacturing bioinspired designs. 
64 
iu et al. [92] optimised the thickness ratio of SiC/Al layers un- 

er high-velocity bullet impact conditions using LS-DYNA ( Fig. 36 a- 

). The optimum overlapping ratio of 0.40 was determined from 

he simulations. Recently [93] it has been proved that the exist- 

ng armor design parameters can be optimised for enhanced bal- 

istic performance. Duro-Royo et al. [91] proposed a method of 

etamesh ( Fig. 37 ) for fabricating a biomimetic armored surface 

or humans. The main advantage of this method is that it can 

t with the host surface, i.e., flexibility in accordance with differ- 

nt body movements. This method addresses a few major research 

aps in multiple functions of scales in terms of flexibility and to 

rovide the best protective structures inspired by natural designs 

e.g., P. senegalus fish). 

Computational techniques can also simulate the performance 

f proposed designs under real-life situations. These designs can 

e fabricated for further testing under proper battlefield envi- 

onments. In a recent study [91] , the problem related to full- 

ody biomechanics is solved to a certain extent using compu- 

ational analysis. The final products can, therefore, be developed 

ith unique interfacial interactions and good flexibility, as shown 
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Fig. 37. A metamesh hierarchical computational model for designing human armor inspired by fish scales [91] . 

Fig. 38. (a, b) Manual demonstrations of 3D printed (thermo polymer) component under two opposite bending conditions [94] , (c) concept of hybrid exoskeletal designs for 

3D printing as a whole structure (based on P. senegalus scales) with the combination of hard and soft materials and varying thickness [81] , and (d-f) 3D printed prototypes 

for anisotropic biomechanical behavior and flexibility under bending conditions [81] . 
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n Fig. 38 a-f. These designs can have an outstanding capability to 

esist penetrating loads and offer good flexibility. Although pro- 

ucing such kinds of armor components is at its initial stage, this 

pens up a new avenue for bio-inspired armor research and prac- 

ical applications. 

. Conclusions 

The teleost fish scale structure has outstanding mechanical 

roperties that make it ideal for developing a new class of bio- 

nspired protective armors. The teleost fish scales are two-layered 
65 
tructure with varying mineral contents and designs at the micro- 

copic level. The higher fracture toughness and hardness of the 

uter ganoine layer result from high mineral content in the "rod"- 

ike structure. The inner layers are arranged in a plywood pattern 

r Bouligand structure. In each layer, the collagen fibrils are par- 

llel to each other, and all layers have angular variations in the 

ange of 45 °–90 °. The inner layer shows ductile behavior compared 

o the outer layer. Two-layered fish scale structure behaves like a 

aminated composite with high fracture toughness and offers mul- 

iple deformation mechanisms (e.g., fiber stretching, separation, re- 

rientation, delamination, twisting, shearing, and fracturing) when 
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ubjected to penetration. These attributes can provide outstanding 

enetration resistance with higher flexibility to the bio-inspired ar- 

ors. However, combining two or more materials with different 

roperties is the major challenge in creating a bio-inspired armor 

ith higher toughness and flexibility. 

The variations in mechanical properties of fish scales are caused 

y the dry and wet conditions, the anatomical positions, the 

nisotropy that decreases from the head to tail regions, the scale 

ngles with overlapping areas, and the temperature change. There- 

ore, if one needs to develop a full-body bioinspired armor, all 

omponents (of the proposed design) must work together in a de- 

ired and optimal manner. With the available resources and man- 

facturing technologies, researchers can design body armors that 

re lightweight, flexible, and adequately strong. Notably, the ad- 

ancement of full-body armors for human protection is still in the 

eveloping stage. Several research gaps related to achieving thin 

pparel-like flexibility, covering full-body parts (including shoul- 

ers, arms, and neck), and ease of repairing (replacement of dam- 

ged components) are yet to be investigated. 
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