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Living organisms are adept at resisting contact deformation and damage by assembling protective
surfaces with spatially varied mechanical properties, i.e., by creating functionally graded materials.
Such gradients, together with multiple length-scale hierarchical structures, represent the two prime
characteristics of many biological materials to be translated into engineering design. Here, we examine
one design motif from a variety of biological tissues and materials where site-specific mechanical prop-
erties are generated for enhanced protection by adopting gradients in structural orientation over multiple
length-scales, without manipulation of composition or microstructural dimension. Quantitative correla-
tions are established between the structural orientations and local mechanical properties, such as
stiffness, strength and fracture resistance; based on such gradients, the underlying mechanisms for
the enhanced protective role of these materials are clarified. Theoretical analysis is presented and
corroborated through numerical simulations of the indentation behavior of composites with distinct
orientations. The design strategy of such bioinspired gradients is outlined in terms of the geometry of
constituents. This study may offer a feasible approach towards generating functionally graded mechan-
ical properties in synthetic materials for improved contact damage resistance.

Statement of Significance

Living organisms are adept at resisting contact damage by assembling protective surfaces with spatially
varied mechanical properties, i.e., by creating functionally-graded materials. Such gradients, together
with multiple length-scale hierarchical structures, represent the prime characteristics of many biological
materials. Here, we examine one design motif from a variety of biological tissues where site-specific
mechanical properties are generated for enhanced protection by adopting gradients in structural orien-
tation at multiple length-scales, without changes in composition or microstructural dimension. The
design strategy of such bioinspired gradients is outlined in terms of the geometry of constituents. This
study may offer a feasible approach towards generating functionally-graded mechanical properties in
synthetic materials for improved damage resistance.

Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

The increasingly stringent requirement for the enhanced perfor-
mance of materials has stimulated the concept of functionally
graded materials (FGMs) which encompass spatial gradients of
composition or/and structural characteristics in continuous or fine
discrete manner. Compared to the traditional materials that are
usually homogeneous or possess abrupt changes of composition/
structure, the overall properties of FGMs benefit from their
gradients in a range of aspects [1–4]. A prime example is the
graded metal-ceramic composites designed for thermal barrier
applications [1,2]. The thermal stress and resultant damage can
be effectively mitigated by introducing a smooth compositional
transition over the volume by manipulating the spatial dispersions
of constituents [4,5]. Another advantage of FGMs is their enhanced
resistance to contact deformation and damage [6,7]. A customary
motif is to utilize relatively harder materials, generally at a surface
that experiences a high stress, to resist wear and/or penetration,
and to employ relatively tougher materials, generally at the sub-
surface region, to accommodate deformation, dissipate mechanical
energy and arrest the propagation of cracks.
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The processing and properties of FGMs have attracted consider-
able research interest over the past two decades [1–4,6]. A
common strategy that has been most frequently adopted is to
control the spatial distribution of compositions or constituents
[3]. For example, a ceramic-glass FGM with improved indentation
toughness can be generated by infiltrating an oxynitride glass into
a silicon nitride matrix [7]. Alternatively, the characteristic
dimension of the structural units can be manipulated; a prime
example is the gradient nano-grained metals fabricated by surface
mechanical grinding treatment [8]. Additionally, elastic gradients
can be created in laminated composites via a stepwise variation
of the in-plane alignment of fibers between adjacent laminates [9].

Although the idea of FGMs is relatively new in the engineering
field (the concept was first proposed in 1980s in Japan [1,2]), the
design principle has long been utilized in Nature by optimizing
the performance of numerous biological materials [10–19]. For
example, bamboo, as a naturally-occurring FGM, features a com-
posite structure reinforced by vascular bundles that comprise
mainly cellulose fibers aligned along the long axis of stem [12].
These bundles are distributed in a graded fashion with decreasing
density from the outermost periphery inwards, leading to graded
mechanical properties that endow the bamboo with enhanced flex-
ural rigidity [13]. An important class of natural FGMs are biological
armors, such as fish scales [14–16], mollusk shells [17,18] and
alligator osteoderms [19], wherein distinct layers are usually
assembled to generate site-specific properties for enhanced protec-
tion to penetration, e.g., caused by the biting attack from predators.
Although it is doubtful whether the primitive idea for early graded
materials, such as the blades of Samurai or ancient Chinese bronze
swords [20], originated from Nature, biological materials may offer
fruitful inspiration for the development of such high-performance
synthetic FGMs.

Here we extract one salient natural design motif of FGMs
used to enhance offense and/or defense against predators from a
Fig. 1. Continuously curving shapes in representative biological tissues of yak horn, wild
(b-d) are adapted with permission from Refs. [30,31,34].
multitude of biological materials and components where function-
ally graded mechanical properties can be achieved by tuning the
structural orientations. Variations in local mechanical properties
with structural orientation, including stiffness, strength and
fracture resistance, are quantitatively elucidated and the mecha-
nisms for improved protection clarified and further visualized by
numerical simulation.

2. Gradient structural orientations in Nature

Biological materials are generally composites comprising
relatively hard and soft components and have evolved complex
hierarchical architectures that have been ingeniously optimized
from nano to macro length-scales for their specific functions
[21–24]. This is particularly true for tissues or materials serving
as offensive weapons and/or defensive armors; both are vital for
most living organisms. Such biological design has developed
through the long-period ‘‘evolutionary arms race”, in particular
using continuously varying structural orientations, with mechani-
cal efficiency as the central concern [15,25]. Notable examples of
macro tissues in this type are the horns of yak and antelope [26],
tusks of wild boar, walrus and elephant [27], claws of lobster and
crab [28,29], scorpion stingers [30], spider fangs [31,32], and worm
jaws [33,34], as shown in Fig. 1. The long axes of these tissues
change gradually towards their apexes to approach the direction
of external force experienced therein (the external force is
generally nearly tangent to the centerline [30–32]), so that the
overall orientation continuously deviates from the external force
with increasing distance from the loading site.

In addition to the macroscopic geometry, a number of biological
materials possess graded structural orientations at the micro/nano
length-scales. For example, in nacreous shell materials, the first-
order constituent layers along the thickness are gradually tilted
from being parallel to the surface in the interior to being oblique
boar tooth, lobster claw (a), scorpion stinger (b), spider fang (c), and worm jaw (d).



Fig. 2. Continuously varying structural orientations in typical natural materials of nacreous shell (a), pangolin scale (b), crayfish mandible (c), tooth dentin (d), and tooth
enamel (e). The orientations of chitin fibers in crayfish mandible are denoted by black lines. The structural orientations of other tissues are indicated by dashed curves. (c) and
(e) are adapted with permission from Refs. [37,41].

Fig. 3. Schematic illustrations of the varying structural orientations in biological
tissues (a) and materials (b) and an elementary block extracted from them where
the constituents, principal orientations and structural orientation angle are
indicated (c). Schematic illustrations of the iso-strain (d) and iso-stress (e)
conditions of constituents in the composite when loaded parallel and orthogonal
to the long axis of laminates, respectively.
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with the surface in the exterior (Fig. 2a). This is analogous to the
macro tissues discussed above as both display increasing misorien-
tation between the structure and the externally applied forces with
the distance from loading site (for shells, the external force is gen-
erally caused by predator attack, e.g., biting, which is commonly
applied normal to the surface). Many biological materials exhibit
similar structural variations at the micrometer level, among which
pangolin scale and crayfish mandible are prime examples [35–37],
as shown in Fig. 2b and c. The constituents, i.e., keratin laminates in
pangolin scale and chitin fibers in crayfish mandible, are aligned
almost along the inner surface of tissue in the interior and contin-
uously tilted towards the outer surface. A similar structure also
exists in the mammalian tooth dentin wherein the dentin tubules
are arranged in a radial form from the pulp chamber to the
dentin-enamel junction (Fig. 2d) [38,39]. Moreover, such features
are common at the sub-micrometer to nano-scale levels in Nature
as exemplified by the outstretching alignment of hydroxyapatite
fibers within the mineral prisms in tooth enamel (Fig. 2e)
[40–43]. The widespread application of varying structural orienta-
tions at multiple length-scales represents a salient design motif in
biological materials where the principle of gradually deviating the
orientation of the primary structural feature from the direction of
the external force is employed to enhance function and mechanical
performance.

3. Functionally graded mechanical properties

To explore the mechanical rationale for the natural architec-
tures described above, an elementary structural unit, where the
orientation change can be ignored, is extracted from the biological
tissues and/or materials, as illustrated in Fig. 3a-c. Here we
consider a composite material where the relatively soft and hard
components are alternately assembled in two-dimensional coordi-
nates. The soft phase A acts as the compliant organic matter or
weak interface, while the hard phase B mainly offers stiffness
and strength generally in the form of minerals or sub-structural
constituents in biological materials [21–24,44,45]. As such, this



Fig. 4. (a) Dependences of normalized Young’s modulus of the composite, EP/EA, on
the volume fraction of the soft phase VA and orientation angle h at a constant k of 10.
(b) Variations in EP/EA as a function of h for representative cases of different k
and VA.
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model is capable of describing a wide range of biological materials
encompassing laminated (e.g., pangolin scale [35,36]), tubular
(e.g., tooth dentin [38,39]), and fibrous structures (e.g., hair
[35,46]), etc.

For simplification, the individual constituents are treated as
homogeneous and isotropic without taking their internal complex-
ities into account. VA and VB denote the volume fractions of
corresponding phases with VA þ VB ¼ 1. The orientations that are
parallel and orthogonal to the long axis of constituents are desig-
nated as 1 and 2, respectively. The misorientation between the
structure and external force P is defined as the orientation angle
h, such that h equals to 0� and 90�, respectively, for loading along
the orientations 1 and 2. Below we quantitatively elaborate
how materials can derive functional gradients in three important
mechanical properties, i.e., stiffness, strength and fracture
resistance, for enhanced protection by tuning the orientations of
their structural features.

3.1. Stiffness

Stiffness, as a measure of material’s resistance to elastic defor-
mation, relies principally on the Young’s modulus. As illustrated
in Fig. 3d and e, the constituents of composites sustain equivalent
strain and stress, respectively, when loaded elastically along the
orientations 1 and 2. The apparent Young’s moduli of composites
in these conditions can be simply described according to the
rule-of-mixtures under iso-strain (Voigt) and iso-stress (Reuss)
states, respectively, following E1 ¼ EAVA þ EBVB and 1

E2
¼ VA

EA
þ VB

EB
,

where EA and EB are the Young’s moduli of A and B phases and
the subscripts 1 and 2 represent the corresponding orientations
[47,48].

Accordingly, the apparent Young’s modulus, EP, along an
arbitrary loading direction with orientation angle h can be obtained
following the laminate theory according to:

1
EP

¼ cos4 h
E1

þ 1
G12

� 2m12
E1

� �
sin2 h cos2 hþ sin4 h

E2
; ð1Þ

where G12 and m12 are the shear modulus and Poisson’s ratio of
composite in the 1–2 plane, respectively [47,49,50]. In the present
case, G12 and m12 can be obtained from:

1
G12

¼ VA

GA
þ VB

GB
; ð2Þ

and

m12 ¼ mAVA þ mBVB; ð3Þ
respectively, where GA, GB and mA, mB denote the shear moduli and
Poisson’s ratios of the corresponding phases [47].

Additionally, the elastic constants are intrinsically related by
GA ¼ EA

2ð1þmAÞ and GB ¼ EB
2ð1þmBÞ within the individual constituents

[51]. We assume that there is an identical Poisson’s ratio between
the two phases, i.e., mA ¼ mB ¼ m, which approximates to 0.3 in a
variety of biological materials [24,48], and a constant ratio
between their Young’s moduli, i.e., k ¼ EB=EA > 1. As such, the
apparent Young’s modulus of the composite normalized by that
of the soft phase can be obtained by incorporating the involved
parameters into Eq. (1) as:

Ep

EA
¼ cos4 h

VA þ k� kVA
þ 2ð1þ mÞðkVA þ 1� VAÞ

k
� 2m
VA þ k� kVA

� ��

� sin2 h cos2 hþ kVA þ 1� VA

k
sin4 h

��1

ð4Þ

The variation in the ratio EP/EA, as a function of the volume
fraction of the soft constituent VA and orientation angle h
(at constant k), is shown in Fig. 4a; the orientation effects are
further specified in Fig. 4b for different combinations of k and VA.
The Young’s modulus can be seen to decrease monotonically
with the increase in orientation angle, specifically in a steeper
fashion at the lower misorientation range. By this means, the
naturally varying structural orientations result in an elastic gradi-
ent in which the material becomes stiffer to resist deformation
towards the surface yet more compliant to accommodate the stress
towards the interior.

3.2. Strength

Strength, representing the material’s resistance to unrecover-
able (strictly inelastic) deformation and damage, is closely associ-
ated with the detailed failure modes which originate in an
orthotropic composite depending on the loading state and orienta-
tion, as illustrated by the insets in Fig. 5. Under uniaxial tension,
the longitudinal strength of the composite along the orientation
1, r1, generally corresponds to the failure of the hard phase, e.g.,
reinforced fibers, so that r1 relies to a large extent on the strength
of hard phase, rB; conversely, the transverse strength, r2, is
determined by the strength of the soft phase, rA [47,49]. The
strength anisotropy, i.e., the ratio between the strengths corre-
sponding to orientations 1 and 2, can thus be described as
m ¼ r1=r2 ¼ r1=rA, which is invariably larger than unity. Under
a state of compressive loading, the transverse strength r2 can be
presumed to remain constant as it is still dominated by the failure



Fig. 6. (a) Variations of the mode I and mode II stress intensities of a deflected crack
normalized by that of an idealized pure mode I crack, KI/K0 and KII/K0, as a function
of orientation angle h in the composite. The inward growth of the main crack along
the structural features of the composite subjected to in-plane tension is illustrated
in the inset. (b) Dependence of normalized fracture resistance of the composite
represented using the reciprocal of effective stress intensity Keff normalized by K0,
i.e., K /K , on h. The inset presents such a relationship in logarithmic form.

Fig. 5. (a) Variations in the normalized strength of composite rP/rA as a function of
the strength anisotropy m and orientation angle h at a constant n of 0.7. (b)
Dependences of rP/rA on h for different m values of 5 and 2, which represent the
cases of uniaxial tension and compression, respectively. Representative failure
modes of the composite along the longitudinal and transverse directions under
uniaxial tension and compression are illustrated in the insets of (b).
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of the soft phase (without considering the tension-compression
strength asymmetry of the individual constituent). Nonetheless,
premature failure may occur in the composite as a result of
mechanical instability, e.g., compressive buckling, along the longi-
tudinal orientation [47,48,51], thus diminishing r1. Consequently,
the effect of stress state on the principal strengths can be depicted
using the parameter m, with m larger for tension than for
compression.

According to the Tsai-Hill failure criterion for orthotropic mate-
rials [47,49–52], the off-axial strength of the composite, rP, at an
arbitrary orientation angle h can be obtained by the following
relation:

1
r2

p
¼ cos4 h

r2
1

þ 1
s212

� 1
r2

1

� �
sin2 h cos2 hþ sin4 h

r2
2

; ð5Þ

where s12 denotes the shear strength in 1–2 plane that is presumed
to be primarily governed by the shear failure of the soft phase. We
define a parameter n as the ratio between s12 and r2, i.e.,
n ¼ s12=r2 ¼ s12=rA, which reflects the inherent shearing propen-
sity relative to normal failure of the composite along its weak
orientation. By incorporating the parameters m and n into Eq. (5),
the apparent strength of the composite normalized by that of the
soft phase, rP/rA, can be expressed as:

rP

rA
¼ cos4 h

m2 þ m2 � n2

m2n2

� �
sin2 h cos2 hþ sin4 h

� ��1=2

: ð6Þ
Fig. 5a shows the dependence of rP/rA on the strength aniso-
tropy m and orientation angle h for a constant n of 0.7. rP/rA

decreases monotonically with the decrease in m and/or increase
in h. Specific cases for uniaxial tension and compression are
represented by adopting relatively high and low values of m
(m is chosen as 5 and 2 for tension and compression, respectively),
as shown in Fig. 5b. Invariably, the strength of the composite dis-
plays a similar trend as the stiffness with the misorientation
between the structure and external force. As such, by utilizing
the varying structural orientations, biological materials derive an
enhanced resistance to the onset of damage from higher strength
towards the surface, and at the same time, redistribute the stress
and dissipate more mechanical energy towards the interior by
allowing easier plastic deformation.
3.3. Fracture resistance

Fracture toughness, reflecting the material’s resistance to the
initiation and growth of cracks, may arise from a variety of
toughening mechanisms that are either intrinsic or extrinsic
[23,53,54]. Intrinsic toughening mechanisms are active at small
length-scales ahead of the crack tip and normally associated with
0 eff
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the inherent plasticity of materials. At coarser length-scales, tough-
ening may be generated from a series of extrinsic mechanisms that
act to shield the crack tip from applied stress. In particular, such
mechanisms are facilitated in many biological materials by their
intricate structure as major sources of toughness. A basic strategy
of extrinsic toughening, which has been identified in a variety of
materials, e.g., bone [23,54–56], is to deflect the crack away from
its preferred path with the maximum driving force. As such, the
crack propagation necessitates higher mechanical stress or energy,
thus offering improved toughness. In the present case, the intrinsic
toughening mechanisms of the composite are not influenced as the
constituents and their properties are unchanged. Nevertheless, the
varying structural orientations can lead to continuous crack deflec-
tion along them, thereby enabling significant extrinsic toughening.

To imitate the actual situation in biological armors, we examine
the inward propagation of a crack with length of c in an elementary
composite subjected to an in-plane tensile stress r, as illustrated
by the inset in Fig. 6a. Here the crack is assumed to be trapped
within the weak phase without considering its trans-lamellar
growth. Accordingly, the inclination angle between the crack path
and the thickness direction equals to the orientation angle h of the
composite. The crack tip is exposed to a mixed-mode loading state
of tension and shear, where the driving forces for crack growth can
be described using the mode I and mode II stress intensities,
respectively, as:

K I ¼ wr
ffiffiffiffiffiffi
pc

p
cos2 h; ð7Þ

and

KP ¼ wr
ffiffiffiffiffiffi
pc

p
sin h cos h; ð8Þ

where w is the dimensionless geometry parameter [57–59]. The
effect of structural orientation can be described by normalizing
the stress intensities using that of an idealized crack with the same
length subjected to pure tension, i.e., K0 ¼ wr

ffiffiffiffiffiffi
pc

p
, as:

K I

K0
¼ cos2 h; ð9Þ

and

KP

K0
¼ sin h cos h: ð10Þ

As shown in Fig. 6a, KI/K0 decreases monotonically with increasing
orientation angle h; while KII/K0 is highest at h ¼ 45� and decreases
towards both sides.

The effective stress intensity Keff for the inclined crack can be
obtained by combining the mode I and mode II components in
terms of the strain energy release rate [57–63]:

Keff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

I þ K2
P

q
¼ wr

ffiffiffiffiffiffi
pc

p
cos h: ð11Þ

Such a relation is capable of describing the effective driving
force for crack propagation under mixed-mode loading conditions
and has been widely applied in a range of materials, in particular
biological materials, such as human cortical bone [62] and tooth
dentin [63]. Because the intrinsic toughening mechanisms of the
composite remain constant, the difficulty of crack propagation
can be represented using the reciprocal of its driving force, i.e.,
lower driving force signifies higher potency of crack-tip shielding.
Accordingly, the fracture resistance of the composite normalized
by that of the idealized crack can be described as:

K0

Keff
¼ 1

cos h
: ð12Þ

K0/Keff increases monotonically as the crack deflects with
increasing h along the structural feature (Fig. 6b). As a result, the
extrinsic toughening effect is continuously enhanced as the crack
propagates from the surface towards the interior, leading to
increased crack-growth resistance. Of note here is that elastic
and plastic deformation is more prone to occur in materials with
increasing thickness owing to the decreases in local stiffness and
strength. Such a combination of graded mechanical properties,
with opposite varying trends of stiffness/strength and toughness
which imply the intrinsic conflicts between them [64], markedly
diminishes the mechanical damage in the material for enhanced
protection.
4. Simulation of indentation behavior

To visualize the above analysis, the mechanical behavior under
indentation loading of three hybrid composites with distinct archi-
tectures, i.e., unidirectionally axial and orthotropic laminates and a
composite with varying structural orientation, was numerically
simulated using finite element analysis (FEA, ANSYS 15.0).
Two-dimensional volumes with length of 1.2 mm and height of
0.8 mm were adopted in the simulation in which the lateral and
bottom boundaries were fixed, respectively, along the horizontal
and vertical directions. The gradient model was constructed by
extracting the fourth quadrant of a set of concentric ellipses with
an aspect ratio of 1.5 between the major and minor axes. The mesh
size of the unidirectional composites and the minimal mesh size of
the gradient one were set as 1.25 lm. The structure and mechani-
cal properties of the constituents in biological materials vary sig-
nificantly among different species; in particular, the mechanical
properties depend strongly on the hierarchical levels of materials
and test conditions, such as the hydration states and strain rates
[21,24,35]. As such, it is difficult to determine accurate values of
the involved parameters for the modeling. Nonetheless, the global
varying trend of the indentation behavior among the composites
with distinct structures remains constant despite the uncertain
values. Below we attempt to clarify the beneficial effects of the
gradient structural orientations to create a protective role by
defining a suit of appropriate parameters.

The individual layer thickness of the hard phase was set at 3
times as that of the soft phase, with values of 7.5 lm and 2.5 lm
for the hard and soft phases, respectively, in the unidirectional
composites and on the top surface of the gradient one; as such,
the volume fractions of the two phases are 0.75 and 0.25, respec-
tively. The Young’s moduli were set as 70 GPa and 10 GPa for the
hard and soft phases, respectively, giving the parameter k as 7.
The Poisson’s ratio was chosen as 0.3 for both constituents and
an ideally tight bonding was defined between them. Two situations
were analyzed by considering the constituents as perfectly linear
elastic and elastic-plastic materials. For the latter case, the von
Mises yield criterion was employed with the yield strengths of
the hard and soft phases set respectively as 700 MPa and
100 MPa. Hypothetical attack, e.g., caused by predatory biting,
was simulated by applying an indentation load of 25 N that was
uniformly distributed on the contact area equaling to the thickness
of a dozen constituent layers, i.e., 60 lm.

The indentation load-displacement curves and resultant con-
tours of equivalent von Mises stress and strain energy density for
linear elastic and elastic-plastic situations are presented in Figs. 7
and 8. In the composite where the structure and external force
are commensurate, the applied stress is easily transferred into
the interior along the longitudinal direction, yet is constrained
within a narrow region transversely. The corresponding strain
energy is concentrated over a small area beneath the indenter. As
such, it is easy for the contact damage to initiate and develop
inwards along the structural features. By comparison, the magni-
tudes of both stress and strain energy are lowered in the orthotro-
pic composite. The stress is constrained within the reduced



Fig. 7. Calculated indentation load-displacement curves for the composites with distinct structural orientations under linear elastic (a) and elastic-plastic (b) conditions
under indentation based on a finite element simulation. (c) Comparison of the nominal indentation stiffness, the depth of plastic deformation zone and the penetration depth
of the composites.
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thickness as a result of the less smooth load transfer between dif-
ferent phases, such that the energy is more widely distributed.
Nevertheless, the mechanical efficiency of the internal material
may not be fully utilized for protection as the deformation zone
continuously shrinks from the subsurface towards the interior.

In contrast, the indentation stress is distributed over a broader
region with a low depth in the composite with varying structural
orientation. The deformation zone expands asymmetrically with
increasing distance from the loading site so that more material
participates in accommodating the stress as it transfers inwards.
The strain energy is also consumed by a larger area compared to
the unidirectionally axial composite, while the energy concentra-
tion near the contact surface, especially in the soft phase, is allevi-
ated compared to the orthotropic material. Indeed, the nominal
indentation stiffness of the gradient composite, as represented by
the slope of the near linear stage on the load-displacement curve,
is comparable to that of the axial case loaded along the longitudi-
nal direction; both are superior to the orthotropic material
(Fig. 7c). The depth of the plastic deformation zone corresponding
to a plastic strain of 0.1% is highest in the composite with the
gradient structural orientation, signifying the ease of plastic defor-
mation towards its interior which helps consume more mechanical
energy. Additionally, the penetration depths, i.e., the concavity of
the contact surface, are respectively �33% and �35% lower than
those of the orthotropic composite for the linear elastic and
elastic-plastic situations. Therefore, the varying structural orienta-
tion can effectively contribute to improved contact damage
resistance, thereby rendering the composite with an enhanced
protective role.

5. Bioinspired design of orientation gradients

Natural gradients in structural orientations can provide a
salient design motif to be mimicked in synthetic materials, partic-
ularly for the case of armor. Here, we outline the design strategy
for such a bioinspired architecture in terms of the geometry of
individual constituent layers. These layers are assumed to be tilted
following an elliptical-shaped trajectory which is a basic mathe-
matic model describing continuously varying orientation, as
shown in Fig. 9. The major (transverse) and minor (longitudinal)
axes of the ellipse are denoted as a and b, respectively. The
orientation angle h at depth h can then be expressed according to
the slope of the tangent as:

h ¼ arctan
ah

b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � h2

p : ð13Þ



Fig. 8. Contours of the equivalent von Mises stress and strain energy density in the composites with distinct structural orientations under linear elastic (a, b) and elastic-plastic (c, d)
conditions under indentation loading based on a finite element analysis simulation. The deformation zones under the indenter were magnified to assist in the comparison.

Fig. 9. Schematic illustration of the varying structural orientation in terms of the
geometry of one individual constituent layer following elliptical-shaped trajectory.
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By introducing the ellipse aspect ratio r ¼ a=b and normalizing
h using b, Eq. (13) can be rearranged as:

h ¼ arctan
rtffiffiffiffiffiffiffiffiffiffiffiffiffi

1� t2
p ; ð14Þ
where t ¼ h=b (0 6 t 6 1). As shown in Fig. 10, the increasing trend
of h with the depth from the surface can be readily controlled by
tuning r. The gradient becomes more gradual near the surface, yet
much steeper towards the interior, as r decreases, and vice versa.

The local mechanical properties of the composite, i.e., normal-
ized stiffness, strength and fracture resistance, at relative depth t
can then be obtained by incorporating Eq. (14) into Eqs. (4), (6)
and (12). The involved parameters can be pre-designed by tuning
the geometry and properties of the constituents, thus allowing
deliberate control of the property gradients. As an example, the sit-
uation for a suit of parameters taken as k ¼ 10, VA ¼ 0:4, m ¼ 5,
n ¼ 0:7 and r ¼ 2 are presented in Fig. 11. The ranges of the prop-
erty gradients can be further designated by locating the structural
features within different intervals of depth.

It is fairly challenging to attain both high strength/stiffness and
good toughness within the same material as these properties tend
to be mutually exclusive [54,64]. Although such conflicts are not
subjugated in the present composite, as evidenced by the opposite
varying trends (Fig. 11), a number of distinct advantages, e.g., a stiff



Fig. 10. (a) Dependences of the orientation angle h on the ellipse aspect ratio r and
relative depth t in the composite with gradient structural orientations. (b)
Variations in h as a function of t for representative cases of different r, ranging
from 0.2 to 5.

Fig. 11. Variations in normalized mechanical properties of stiffness EP/EA, strength
rP/rA and fracture resistance K0/Keff as a function of relative depth t in the
composite with representative parameters as k ¼ 10, VA ¼ 0:4, m ¼ 5, n ¼ 0:7 and
r ¼ 2.
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and wear-resistant surface, a compliant base and an increasing
toughness towards the interior, are ingeniously combined though
the varying structural orientations, leading to enhanced contact
damage resistance without manipulation of local composition
and/or microstructural dimensions. The naturally-occurring gradi-
ents are invariably the products of complex biological processes,
e.g., bio-mineralization, that are difficult to replicate in engineering
design. Nonetheless, the underlying principle may be translated
into synthetic materials through carefully controlling the fabrica-
tion parameters, such as the temperature gradient. In particular,
the development of unique processing techniques that possess
similar ‘‘bottom-up” sequences as in biological materials, e.g.,
epitaxial deposition, freeze casting and additive manufacturing
[65–70], offers more feasible approaches to control the structure
of materials, thus making the bioinspired gradients in structural
orientation increasingly practical for enhanced mechanical proper-
ties in structural materials.
6. Conclusions

With their hierarchical architectures incorporating gradients in
composition, structure and orientation, biological systems have
evolved optimized structures and properties under their ecological
conditions and as such act as an inexhaustible source of inspiration
for the development of high-performance synthetic materials,
specifically functionally graded materials. Continuously varying
structural orientations have been adopted by a variety of biological
tissues and materials at multiple length-scales, where the direc-
tionality of the structure deviates from that of the external forces
with increasing distance from the loading site. Such architectures
offer functionally graded mechanical properties, i.e., the local stiff-
ness and strength that decrease monotonically from the surface
towards the interior, with a fracture resistance that varies inver-
sely due to enhanced extrinsic toughening from continuous crack
deflection. This helps suppress the elastic/plastic deformation
and damage near the surface of the material and accommodate
the stress and dissipate mechanical energy towards its interior,
making any cracking in the inward direction increasingly more
difficult. As such, the contact damage resistance of materials is
enhanced to provide greater protection to surface penetration.
These merits are visualized and corroborated by numerical simula-
tions of the indentation behavior of composites with distinct
structural orientations. We believe that this design motif can be
translated into synthetic materials by manipulating the structure
in terms of the geometry of constituent layers. This study
may therefore present new opportunities for developing high-
performance FGMs with enhanced protection through the
bioinspired design of gradients in structural orientation.
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