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mutually exclusive. Here we reveal from the perspective of materials science and mechanics that adap-
tive structural reorientation during deformation, which is an operating mechanism in a wide variety of
composite biological materials, functions more than being a form of passive response to allow for flexi-
bility, but offers an effective means to simultaneously enhance rigidity, robustness, mechanical stability
and damage tolerance. As such, the conflicts between different mechanical properties can be “defeated”
Structural reorientation in the.se composites merely by gdjusting their struFtural orientation. The consti.tutive. relationships are
Mechanical properties established based on the theoretical analysis to clarify the effects of structural orientation and reorienta-
Biomaterials tion on mechanical properties, with some of the findings validated and visualized by computational sim-
Bioinspiration ulations. Our study is intended to give insight into the ingenious designs in natural materials that
underlie their exceptional mechanical efficiency, which may provide inspiration for the development
of new man-made materials with enhanced mechanical performance.

Keywords:
Biomechanics

Statement of Significance

It is challenging to attain certain combinations of mechanical properties in man-made materials because
many of these properties — for example, strength with toughness and stability with flexibility - are often
mutually exclusive. Here we describe an effective solution utilized by natural materials, including wood,
bone, fish scales and insect cuticle, to “defeat” such conflicts and elucidate the underlying mechanisms
from the perspective of materials science and mechanics. We show that, by adaptation of their structural
orientation on loading, composite biological materials are capable of developing enhanced rigidity,
strength, mechanical stability and damage tolerance from constrained flexibility during deformation -
combinations of attributes that are generally unobtainable in man-made systems. The design principles
extracted from these biological materials present an unusual yet potent new approach to guide the devel-
opment of new synthetic composites with enhanced combinations of mechanical properties.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction between different properties, e.g., strength versus damage toler-
ance and the mechanical rigidity and stability versus flexibility

The enhancement of the mechanical performance of materials is [1]. Seeking solutions with respect to materials science to “defeat”
frequently restricted by a series of contradictive relationships such conflicts is highly desirable, but still remains a key challenge
in man-made material-systems. However, it seems that these
conflicts can be readily overcome in nature where the materials
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biological systems are “synthesized” by organisms under physio-
logically mild conditions using constituents with somewhat mea-
ger mechanical properties, natural materials are usually
distinguished by remarkably high mechanical efficiency that is
developed essentially from their ingenious designs, notably result-
ing from hierarchical structures with effective gradients [3-6].

A basic feature of biological materials is that most of them can
be seen as composites at certain length-scales comprising at least
two phases of distinct mechanical properties, particularly stiffness
[6-9]. The most common motif is represented by the embedment
of a stiff reinforcement, which generally has a large aspect ratio
and is preferentially aligned along specific direction, within a com-
pliant matrix, reminiscent of the synthetic fiber-reinforced com-
posites. Prime examples of such design include the wood [9-14],
bone [15-25], fish scales [26-29], and insect cuticle [30-33], the
structures of which are shown in Fig. 1. Specifically, the reinforce-
ment is present primarily in the form of, respectively, cellulose fib-
rils in wood cell walls, mineralized collagen fibrils in bone and fish
scales, and chitin fibers in insect cuticles. The matrix phase repre-
sents the hemicellulose in the wood cell wall and non-collagenous
proteins in bone, fish scales, and insect cuticles, which locate
primarily at the interfaces between the constituents. The design
principles behind these materials are essentially similar despite
their distinctly different chemical constituents and mechanical
functions.

Composite biological materials are unique and distinct com-
pared to their man-made counterparts where mechanical proper-
ties have been systematically investigated [34-38]. For example,
strong interfaces are usually a major requirement in man-made
composites; nevertheless, relatively compliant and weak interfaces
are preferred in biological materials for easy interfacial mobility
[6,9]. The interfacial matrix between reinforcements in biological
materials plays a key role in providing for the deformation of the
composites. Such mechanisms, as the breakage and reformation
of sacrificial bonds and the unfolding and refolding of hidden
lengths, generally endow the matrix with an exceptional capability
to deform, both elastically and plastically, before fracture ensues
[6,9,14,39-42]. This allows the reinforcement to reorient, in partic-
ular via interfacial sliding, within the matrix in response to the
loading environment. For instance, the microfibril angle (MFA),
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i.e., the tilt angle of the cellulose fibrils relative to the longitudinal
axis in the one of the major parts of the wood cell wall, the S2 layer,
decreases by more than 10° in the Picea abies [L.] Karst. wood under
tension, as revealed by in situ synchrotron x-ray diffraction analy-
sis [14]. Another example is the scales of Arapaima gigas fish where
the mineralized collagen fibrils can reorient towards the tensile
axis by an average of 6-8° upon loading [27,28]. Similar reorienta-
tion of mineralized collagen fibrils towards the direction of tensile
stress has also been detected in human and animal bones and in
annulus fibrosus tissues [20-25]. Such adaptive structural reorien-
tation definitely provides a unique deformation mechanism in nat-
ural materials, and as such promotes flexibility. However, the
precise effects of reorientation, particularly that occurring during
large elastic or post-yield deformation, on the mechanical proper-
ties still remain largely unexplored in both biological and man-
made composites with a lack of systematic constitutive relation-
ships. This raises an open question whether such reorientation
plays a role, in turn, in enhancing material performance and, if
so, how it functions. Indeed, structural reorientation has rarely
been considered as a strategy of adaptation to improve combina-
tions of mechanical properties.

Here we reveal that structural reorientation of biological mate-
rials on loading serves more than providing a mode of passive
mechanical response, but additionally offers an effective strategy
to adapt their mechanical properties to better accomplish material
functionality. The result is the generation of an extraordinary com-
bination of rigidity, strength, stability and damage tolerance from
constrained flexibility — combinations of attributes that are gener-
ally not available in man-made systems. Our approach is, by learn-
ing from nature, to attempt to extract the design principles which
could guide the development of new bioinspired materials based
on establishing systematic constitutive relationships derived with
composite mechanics, and further to strive to elucidate the salient
underlying mechanisms, with visualization and validation of the
findings using computational simulations.

2. Theoretical model

The composite structural motif of biological materials can be
described using a simple model comprising two phases that are

Allomyrina dichotoma

Mineralized collagen fibril Chitin fiber

Fig. 1. Composite structural designs of representative biological materials. The reinforcement phase and interfacial matrix are present primarily in the form of the cellulose
fibrils and hemicellulose in (a) wood cell wall, the mineralized collagen fibrils and non-collagenous proteins in (b) bone and (c) fish scale, and the chitin fibers and proteins in
(d) insect cuticle of beetle horn. MFA in (a) denotes microfibril angle. (b) is adapted with permission from refs. [15,17]. (c) is adapted with permission from refs. [27,28].
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alternately organized in two-dimensional coordinates [7,13,19,42—
44], as shown in Fig. 2(a). The matrix is represented by a relatively
compliant and soft phase A, which is located at the interfacial
region between the stiff reinforcement B. The volume fractions of
the matrix and reinforcement are denoted using V4 and Vg with
Va4 + Vg = 1; generally, the matrix accounts for the minor volume
fraction in biological materials as compared to their sub-
structural building blocks, giving the relation V4 < V. As any
effects of structural orientation or anisotropy of the composite
can be readily established by tuning the arrangement of con-
stituents, it is reasonable to define, for simplification, the individ-
ual phases per se as homogeneous and isotropic. The intrinsic
properties, including the elastic modulus, Poisson’s ratio, density
and strength, are assumed to be constant for the constituent
phases. The structural orientation of the composite, which is the
major variable, is depicted using the inclination angle between
the longitudinal axis of constituents and the external force, 6.
The Young’s moduli of the matrix E4 and reinforcement Ez are
defined as E, = 0.1 GPa and Ep = 2 GPa. The volume fractions of
the two phases are set to be V4 = 0.1 and V3 = 0.9. The strengths
of the matrix and reinforcement are denoted, respectively, as o,
and g with 64 = 10 MPa. The Poisson’s ratio, v, is taken to be iden-
tical between the two phases as 0.3 for simplification. It is noted
that these parameters are chosen only for the purpose of giving
an explicit illustration of the constitutive relationships. The vary-
ing trends and results remain constant for different values of
parameters. It is difficult to correlate these parameters with speci-
fic materials as they vary significantly among different biological
systems. For example, the interfacial strength o, is typically
around 1 MPa for the interfibrillar matrix in antler bone and higher
than 50 MPa for the interfaces between mineral lamellae in nacre
[6,9,45]. A relatively moderate value of 10 MPa, which is of the
same order as the interfaces between cellulose microfibrils in
wood and the cement line in bone [6,9], is chosen here.

Although the present model is similar to man-made fiber-
reinforced composites, the material attributes are markedly differ-
ent in biological materials. Specifically, biological materials
demonstrate microscopic mechanisms that enable easy interfacial
mobility between constituents to allow for the reorientation of the
reinforcement within the matrix [6,9,14,39-42]. Note here that
many of the biological materials consist of multiple plies or lamel-
lae which are stacked in a specific sequence, typically forming
twisted plywood structure or even Bouligand-type structure
[12,16,26-33]. This endows them with potent toughening mecha-
nisms to enhance the fracture toughness and energy-dissipation
capability. In this case, structural reorientation still occurs in each
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individual lamella of the entire structure in spite of the possible
friction between adjacent lamellae. On the other hand, mineraliza-
tion is present in many biological materials and plays a major role
in stiffening and strengthening their constituents. Taking bone and
fish scales for example, the materials comprise primarily bundles
of mineralized collagen fibrils which are embedded within a more
compliant and weaker non-collagenous interfibrillar matrix
[16-19,22,26-29]. The mineral nanoplatelets locate mainly
between the heads and tails of the collagen molecules within the
fibrils. In this case, the mineralized collagen fibrils can be treated
as the reinforcement phase. The present model represents an
elementary structural unit of a single lamella of composite where
the effects of the detailed dimensions of constituents can be
neglected. This enables the establishment of basic constitutive
relationships to discern the effects of structural orientation and
reorientation on mechanical properties. The mechanical behavior
of the laminates or the entire structure of actual biological materi-
als can be seen as an integrated response from each lamella.
Indeed, structural reorientation has been experimentally detected
in wood, bone and fish scales using samples comprising multiple
lamellae rather than individual lamella [14,20-28].

To accommodate any deformation upon loading, the reinforce-
ment reorients principally towards the loading direction under
tension and deviates away from it under compression through
the interfacial sliding (Fig. 2(b) and (c)) [14,23,24,27,28]. Such
adaptability is well described, respectively, by a decrease and
increase in the orientation angle 6. As such, the present model
captures the primary structural characteristics of a wide variety
of biological materials, especially those having fibrous, laminated,
or tubular structures. In particular, the deformation mechanisms
of biological materials by adaptive structural reorientation can be
well described by this means. In realistic cases, there are usually
multiple microscopic processes that lead to the deformation of bio-
logical materials beyond the structural reorientation. For example,
mineralized collagen fibrils can be stretched both elastically and
plastically along the tensile direction [25,27,28]. Additionally,
strain can also be generated from the straightening of originally
curved constituents during extension [27,46,47]. Here we rule
out the influence of these factors by assuming the reinforcement
phase to be straight and inextensible, as illustrated in Fig. 2(d). Ide-
ally tight bonding is also defined between the reinforcement and
matrix phases, signifying that their deformation is continuous at
their boundaries. A quasi-static loading condition is assumed to
ensure that the structure can be fully reoriented during the defor-
mation process. Under these assumptions, the composite model is
capable to reorient its structure during deformation without the

dé

Compression
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Fig. 2. Theoretical composite model for the process of adaptive structural reorientation. (a) The composite is composed of a stiff reinforcement phase B embedded within a
soft matrix A. The inclination of the composite structure with respect to the loading axis 0 (b) decreases under tension and (c) increases under compression. (d) lllustration of
the strain ¢ resulting from the structural reorientation of a constituent with constant length L.
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strain-hardening of matrix phase and the occurrence of premature
fracture.

In such a scenario, the strain ¢ of the composite induced by
structural reorientation in the process of deformation can be corre-
lated with the structural orientation as (see Fig. 2(d)):
de .

—— = —sin6/cosb. 1
T / (1)
This gives a solution for the strain as a function of the orientation
angle 0 as:

& = In(cos 0/ cos 0p) (2)

where 0y denotes the original orientation angle of the composite
before deformation. The strain has a range of é&r € [0, —Incos 6]
for tension and & < 0 for compression. Note here that the strain
in the model composite originates merely from its adaptive struc-
tural reorientation during loading. This helps discern and clarify
the effects of structural orientation and reorientation by excluding
any confusion from other deformation mechanisms.

3. Tensile properties
3.1. Tensile stiffness

As a measure of the resistance of materials to elastic deforma-
tion, the stiffness of the composite is closely associated with its
Young’s modulus which depends on the structural orientation with
respect to the loading direction [18,31,48-53]. In the case of uniax-
ial tension, the Young’s modulus of a composite at an arbitrary ori-
entation, Er, has been established in our previous study
considering the shear-extension coupling of the composite based
on the laminate theory as [36-38,43]:

1
Er = Ex(Acos* 0 + Bsin 0 cos 60 + Csin® 0) 3)

where k denotes the ratio between the Young’s moduli of the rein-
forcement and matrix with k = Eg/E4 > 1,and A = (V4 + k — I<VA)’1,
B=2(1+v)(kVa+1—Va)/k—2v/(Va+k—kVy), and
C=(kVa+1-Va)/k.

On loading, the structural orientation of the composite changes
continuously via adaptive deformation primarily by reorienting
towards the tensile direction, which leads to the variation in stiff-
ness. The instantaneous Young’'s modulus of the composite during
deformation can be described as a function of the tensile strain, &r,
through integration of the above relation by incorporating Eq. (1)
as:

Er = EA[(A — B+ C) cos* 0pe* + (B — 2C) cos? 0pe®" + (] ' (4)

where ¢r € [0, —Incos0p] with 0p being the original orientation
angle. The strain-dependence of the Young's modulus, as repre-
sented by the derivative dEr/der, can thus be correlated to the
structural orientation as:

dEr /der = 2E2 cos® 0](B — 2A) cos? 0 + (2C — B) sin® 0] /Ex (5)

A clear illustration of these relationships for the parameters
Va=0.1, E; = 0.1GPa, k=20 and v = 0.3 is plotted in Fig. 3. As
shown in Fig. 3(a), the Young’s moduli of composites with differing
original structural orientations can be seen to exhibit a generally
increasing trend with tensile strain, specifically in a steeper fashion
for a smaller original orientation angle 6y. This is corroborated by
the general positive values of dEr/der and its negative correlation
with the orientation angle (Fig. 3(b)). As such, the adaptive struc-
tural reorientation endows the composite with progressively
improving stiffness and rigidity to resist more extensive elastic
deformation, thus allowing for the strain-stiffening capability.
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Fig. 3. Strain-stiffening behavior generated from adaptive structural reorientation.
(a) Variations in the Young's moduli of composites with differing original structural
orientations as a function of the tensile strain. (b) Relationship between the strain-
dependence of Young’s modulus and the structural orientation angle of the
composite. The inset shows the magnified view of the dashed rectangular box
and illustrates the tension of a composite with a high orientation angle.

Indeed, the increasing trend of Young’s modulus with the decrease
in misalignment between the structure and the applied load has
been experimentally detected in wood, osteonal bone and beetle
exoskeletons [31,48-53]. Additionally, the mechanism of reorien-
tation of the mineralized collagen fibrils has been shown, in real
time, by small-angle x-ray diffraction measurements to be active
during deformation of the scales in Arapaima gigas fish [27,28].
Such scales, which comprise multiple lamellae, exhibit a strain-
stiffening behavior under tensile loading. This agrees well with
the present analysis despite the inapplicability of the quantitative
relationships derived from single lamella.

Careful examination reveals that the strain dependence of the
Young’s modulus becomes slightly negative at high orientation
angles approaching 90¢, i.e., the structural orientation of composite
is nearly orthogonal to the loading axis, as shown in the inset in
Fig. 3(b). This implies a decreasing modulus of the composite at
the initial stage of deformation as the structure reorients towards
the tensile direction. Such a trend is presumed to result from the
fact that the lateral Poisson’s contraction of the matrix phase is
tightly restricted by the reinforcement which is near-transversely
aligned in the composite at the high orientation angle range.
Indeed, in situ small-angle x-ray diffraction measurements have
revealed a reverse structural reorientation in the scales of
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Arapaima gigas fish of which the mineralized collagen fibrils with
original orientation angles of 61-90° rotate away from the tensile
direction by an average of 6.75° upon loading [27,28]. Such adapt-
ability, despite occurring in the opposite manner to the fibrils with
small orientation angles, similarly leads to an increasing Young's
modulus of the composite, thereby enhancing the tensile rigidity.

3.2. Tensile strength

The strength of an orthotropic composite also demonstrates a
strong dependence on its structural orientation [34-38,52-55]. In
the case of uniaxial tension, the composite generally exhibits the
highest strength along the longitudinal orientation, o;, which is
generally dominated by the failure of the reinforcement [36]. For
off-axis loading, the shear strength of the composite, 715, is princi-
pally governed by the sliding of the interfacial matrix. The strength
of the composite subject to loading at an arbitrary direction has
been correlated to the structural orientation based on the Tsai-
Hill failure criterion as [43]:

. . -1/2
or = G4[cos 0/m? + (m? — n?) sin® Ocos? 0/(m’n?) + sin* 0]
(6)

with m = g;/6, > 1 and n = 11, /0, where o, denotes the strength
of the matrix phase. The strength displays a generally decreasing
trend with increase in the inclination of the composite structure
with respect to the loading axis. During the tensile deformation pro-
cess, the continuous change of such inclination caused by the struc-
tural reorientation of the composite leads to a varying strength that
is dependent on the tensile strain, &r. The instantaneous strength of
composite with original orientation angle, 0y, can be expressed as a
function of &r as:

or = mno[(m?n? — m? + 2n2)cos* Ope™”

+(m? — n? — 2m*n?) cos? 0pe®r + m?n?"'/2 (7)

The strain-dependence of the strength, dor/dér, can be correlated to
the structural orientation following the relationship:

dor/der = 63 cos? 0](m? — 3n?) cos? 0 + (2m*n? — m? +n?)
x sin” 0]/(m*n®a?) (8)

The above relationships are plotted in Figure (4) using parame-
ters of m =5, n=0.7 and g4 = 10MPa. As shown in Fig. 4(a), the
composites that are originally oriented at differing original orienta-
tion angles 0y tend to exhibit an increasing tensile strength with
the increase in tensile strain during deformation. Such a character-
istic enables the composite to become stronger to resist failure,
thus offering improved robustness. This is reminiscent of the
strain-hardening behavior of monolithic materials like metals,
alloys and polymers; however, it is not associated with the prop-
erty variation of constituents, but rather is generated from the
adaptation of their structural orientation. Indeed, the strength
has been revealed to display an increasing trend with the
decreased inclination of collagen fibrils to loading in bovine corti-
cal bones of both dry and wet states [53]. In addition, as noted
above, in situ small-angle x-ray diffraction measurements during
uniaxial tensile tests clearly show that the scales of Arapaima gigas
fish can exhibit marked strain hardening, concomitant with dis-
tinct reorientation of the mineralized collagen fibrils [27,28]. This
serves to enhance the penetration resistance and hence the protec-
tive role of the scales.

The strain-dependence of the strength, as indicated by the
derivative of the strength with strain dor/der, is positive at the
majority of orientation range, but demonstrates a general decreas-
ing trend with the increase in the orientation angle (Fig. 4(b)); it
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Fig. 4. Strain-hardening behavior endowed by adaptive structural reorientation. (a)
Relationships between the tensile strength and the tensile strain of composites with
differing original structural orientations. (b) Variation in the strain-dependence of
tensile strength as a function of the orientation angle of composite. The inset is the
magnified view of the dashed rectangular box.

turns slightly negative for orientations nearly orthogonal to the
loading axis, similar to the effect on the Young’s modulus, as
shown in the inset in Fig. 4(b). This may also result from the inhib-
ited lateral contraction of the matrix phase and is likely to lead to
an apparent strain-softening behavior of the composite at the very
beginning stage of deformation as its structure reorients towards
the tensile direction.

3.3. Fracture resistance

Cracks in lamellar composites, especially in biological material-
systems, are most commonly formed in the weak matrix or at the
interfaces between the constituents [6,9,56-58]. This can be
described in the present model by the cracking along the interfacial
matrix phase, as illustrated in Fig. 5(a). During the deformation
process in the composite, the inherent properties of the matrix
phase are independent of the structural orientation, i.e., it displays
a constant resistance to the initiation and growth of cracks. As
such, the adaptive structural reorientation of the composite has
no influence on the intrinsic toughening mechanisms which are
active at small length-scales ahead of the crack tip and are inti-
mately associated with the plasticity of the matrix phase [1,59].
In this scenario, the fracture resistance of the composite is essen-
tially dominated by the driving force for cracking generated at
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Fig. 5. Enhanced extrinsic toughening as a result of adaptive structural reorienta-
tion. (a) Schematic illustration of the deviation of the cracking path away from the
mode | plane in the composite by structural reorientation. (b) Increasing fracture
resistance of the composites with differing original structural orientations as a
function of the tensile strain.

the crack tip from the applied load, as represented by the effective
stress intensity, K.. Any increase in K, naturally leads to a higher
propensity for fracture of the composite provided the intrinsic
cracking resistance of the matrix remains the same. We can there-
fore evaluate the fracture resistance of the composite, Ry, using the
reciprocal of the effective stress intensity according to the relation
Rr = D/K. with D being a positive coefficient [43].

For the case of uniaxial tension, the effective stress intensity at
the crack tip is determined primarily by the inclination of the
cracking path with respect to the loading axis [60,61]. The fracture
resistance of the composite can be described in terms of its struc-
tural orientation as [43]:

Rr = D/(Kosin0) = D/(pa/7csin0) 9)

where ¢ is the dimensionless geometry parameter, ¢ is the applied
tensile stress, and c is the crack length. Here we examine the stress
intensity at the tip of crack with a constant length to exclude the
confusion from crack propagation. The parameter K,, defined by
the expression Ko = @o+/7ic, represents the stress intensity of an
idealized crack of the same length subject to a pure mode I
stress-state.

The deviation of the cracking path from the orthogonal direc-
tion in the composite, as measured by the complementary of the
orientation angle 0, helps lower the effective stress intensity by
shielding the crack tip from applied load. As shown in Fig. 5(a),
the adaptive structural reorientation of the composite during
deformation plays a role to increasingly deflect the crack from
the mode I plane - the most preferred path with the maximum
driving force for cracking in homogeneous materials, thus continu-
ously enhancing the fracture resistance. The instantaneous fracture
resistance of the composite in this process can be derived as a func-
tion of the apparent tensile strain as:

Ry =D/ [Ko(l — cos? OOeZST)]/Z} =D/[pov/mc(1 - cos? OOeZST)l/Z]
(10)

The relationships for composites with differing original struc-
tural orientations are plotted in Fig. 5(b) with the parameters D
and K, set to unity. The fracture resistance of the composite can
be seen to increase monotonically with increasing tensile strain,
with a dependence that is specifically steeper at smaller 6y. As a
major source of extrinsic toughening in many biological materials
[1,17,28,61], crack deflection can constantly occur in the composite
during deformation but becomes increasingly prominent as a
result of the structural reorientation. This endows the material
with an enhanced toughness to resist fracture which, in the case
of crack propagation, is manifested by a rising crack-growth resis-
tance curve (R-curve) behavior. The mechanism of increasing crack
deflection has been observed to play an effective role in generating
significant fracture toughness in the scales of striped bass Morone
saxatilis which display marked structural reorientation of collagen
fibrils during deformation [62]. Such a toughening effect may be
further enhanced by considering the concomitant increase in the
stiffness and strength of the composite induced by the
reorientation.

4. Compressive properties
4.1. Compressive stability

In contrast to tensile loading, the load-bearing capability of
composites with high-aspect-ratio constituents under compres-
sion is frequently not associated with the failure of constituents,
but instead is governed by mechanical instability [44,63-65]. As
a result, such composites are usually more resistant to tension than
to compression loads because of the occurrence of premature
buckling. The buckling acts either locally in the individual con-
stituents, generally the reinforcement, or globally in the total com-
posite structure, both leading to the failure of the material system
[63,64], as illustrated in Fig. 6. During the process of compressive
deformation, the composite adapts its structure by deviating it
away from the loading axis with an increasing 0 (Fig. 6(b)). Addi-
tionally, such structural reorientation leads to the increase of the
load-bearing area of the component by lateral expansion - a phe-
nomenon that is distinct from the Poisson effect (Fig. 6(c)). In the
following section, we examine the separate effects of the adapta-
tion of the composite structure with respect to its resistance to fail-
ure caused by local buckling and by global buckling. For
mathematical simplification, a hollow tube model of the composite
structure, which is reminiscent of the basic design of many biolog-
ical material-systems such as the bird feather rachis [3,66,67], bee-
tle horn and bone osteon [16,33,40,68], is analyzed here.

4.1.1. Local buckling resistance

The buckling of an individual constituent within the composite
is caused principally by the resolved compressive stress along its
axis. As illustrated in Fig. 6(b), such stress depends on the struc-
tural orientation of the composite in a manner that an increasing
0 lowers the resolved axial stress for a given nominal compressive
stress on the composite. The buckling strength that is intrinsic to
the individual constituent in the case of axial loading, ¢?, is pre-
sumed to be constant considering its fixed geometry and material
properties. Accordingly, the critical stress that is sustainable by the
composite, g¢, as a measure of its resistance to local buckling, can
be described in terms of the orientation angle 0 as:

oc =02/ cos*0 (11)
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@

Fig. 6. Structural reorientation and mechanical instability under compression. (a) The composite structure is gradually deviated away from the loading axis during
compressive deformation. This leads to (b) an increase in the local-buckling resistance and (c) a variation of the macroscopic geometry which plays a role in enhancing the

global-buckling resistance.

The normalized strength of the composite, o¢/a?, thus is progres-
sively increased as the orientation angle 0 of its constituent is
increasingly inclined with respect to the direction of compressive
loading (inset in Fig. 7), indicating improved mechanical stability.

By taking the adaptive structural reorientation of the composite
into account, the instantaneous local-bucking resistance during
compressive deformation can be derived as a function of the com-
pressive strain, &c, as:

0c = 02(cos? foe?éc)”! (12)

with & < 0. As shown in Fig. 7, o¢/6? invariably increases during
compression of the composites that were originally oriented at dif-
fering 0o (here only the composites with small 0y, i.e., not exceeding
45¢°, are considered as buckling is more prone to occur when the

16

| 100
14 80

0
C

1 60
12

s

10 20

0 30 60
Orientation angle, 6 (°)

Normalized local strength, 0 /o

T T
0.0 0.2 0.4 0.6 0.8 1.0
Compressive strain, =

Fig. 7. Enhanced local-buckling resistance by adaptive structural reorientation. The
normalized strengths of the composites with differing original structural orienta-
tions increase monotonically with the compressive strain during deformation. The
inset shows the dependence of the normalized strength on the orientation angle.

axis of constituent is close to the loading direction [36,65]). As such,
the composite is capable of generating an enhanced stability to
resist local buckling by reorienting its constituent to lower the axial
stress. It is of note that additionally the composite’s constituent is
subject to another resolved compressive stress which acts along
its orthogonal direction and functions to constrain its lateral defor-
mation, thus further inhibiting the buckling. Such constraint
becomes increasingly more prominent with a higher orthogonal
stress which correlates positively with 0. This plays a further role
in enhancing the mechanical stability of the composite against local
buckling during compressive deformation. As such, the above equa-
tions are likely to give a conservative estimate of the stabilizing
effect of structural reorientation in orthogonal composites.

4.1.2. Global failure resistance

Differing from the local buckling of a constituent, the resistance
of the material system to failure by global buckling is largely
dependent on its macroscopic geometry [65,69]. The deviation of
the structure away from the compressive direction leads to the lat-
eral expansion of the composite during deformation. With such a
process, the change in the thickness of the composite (e.g., the wall
thickness in the case of a tube model) can be neglected considering
the fixed number of lamellae contained. The geometrical lateral
expansion of the composite resulting from the structural reorienta-
tion is essentially different from the Poisson effect, as illustrated in
Fig. 6(c). Indeed, the easy interfacial sliding between constituents
leads to a more significant variation in the macroscopic geometry
compared to the simple Poisson effect. The mechanical role of such
geometrical adaptation is analyzed below by examining a tube
model containing a single lamella of constituents in the wall. The
tube is defined to have dimensions of height h, external diameter
d, and wall thickness t (Fig. 6(c)). For simplification, the tube wall
is assumed to contain one coil of constituent along the height
direction with constant length Iy, as illustrated in the inset in
Fig. 8(a). As such, the height and diameter of the tube can be cor-
related to the structural orientation by h=Iycos0 and
7(d —t) = lpsin0® where [, is the length of the constituent. The
effective Young’s modulus of the entire tube, E, is assumed to be
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Fig. 8. Increasing global-buckling resistance during compressive deformation. (a)
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the height direction with constant length Iy. (b) Variations in the global failure load
as a function of the compressive strain for tube models with differing original
structural orientations.

constant to distinguish effects from macroscopic geometry. Then,
the critical load to cause the global buckling of the system, Pc,
can be described in terms of structural orientation as:

Pc = m2El/h?
= Elyt sin® 6/(8 cos? 0) + m2Et? sin 6/(8l, cos® 6), (13)

where I is the moment of inertia of the tubular cross-section. The
dependence of Pc on 6 is plotted in Fig. 8(a) by setting the parame-
ters E, lp, and t to unity. The increase in the inclination of the com-
posite structure with respect to the loading direction acts to reduce
the slenderness of the tube and leads to an improved mechanical
stability to resist global buckling.

Lateral expansion occurs in the tube model along with a
decrease of height as a result of the structural reorientation during
the deformation process under compression, thereby providing a
means of geometrical adaptation. The instantaneous global failure
resistance P¢ of the tube with original orientation angle 6, can be
described as a function of the compressive strain &c as:

Pc = (1 —cos? fpe?c)'? [(El§t+ T2EL?) /(8o cos? fpec) — Elot/S] ,
(14)

with & < 0. As shown in Fig. 8(b), there is a trend of increasing P
with the increase in compressive strain in models with differing
original structural orientations; specifically, the strain-dependence
of P, as indicated by the slope of the curve, is higher for a tube with
larger 0p. This induces a continuous improvement in the failure
resistance of the tube against global buckling.

Therefore, the occurrence of buckling of the local constituents
and for the entire component in the composite material-system
can be inhibited by the enhanced mechanical stability developed
from the respective adaptation of its microstructural orientation
and macroscopic geometry. A good illustration of this is shown by
wood, where the wood cell walls that are subject to compressive
loading, e.g., at the lower side of tree branch, generally display a rel-
atively large microfibril angle (MFA) which helps deviate the struc-
ture away from the loading axis [10-14]. This, in conjunction with
the reorientation of cellulose fibrils during compressive deforma-
tion, is expected to help enhance the mechanical stability of wood
in addition to creating internal stress by cell-wall swelling [14].

4.2. Splitting toughness

In general, brittle solids tend to fail in compression by a process
of progressive micro-fracturing associated with the growth of
micro-cracks [70-73]. These cracks initiate at flaws or stress con-
centrations within the solids, e.g., at the poles of a pore where a local
tensile stress can be generated, even though the overall stress state
is compressive; such cracks can then propagate in a direction which
is approximately parallel to the loading direction. Macroscopic frac-
ture occurs ultimately as a result of the linkage of the cracks and the
increased volume dilatation of the solid. With respect of the present
composite model, the formation and propagation of micro-cracks
are assumed to be constrained within the weak matrix or by the
boundaries between the matrix and the constituents - both are rep-
resented by an interfacial phase, as illustrated in Fig. 9(a). This can
lead to the failure of the composite by means of splitting along the
direction that conforms to its structural orientation.

In the following discussion, the splitting toughness and its
dependence on the structural orientation of the composite, together
with the role that adaptive structural reorientation can play, are
established by analyzing the growth of an interfacial crack from a
circular pore in two dimensions. The radius of the pore and the
length of the crack (measured from the edge of the pore) are
denoted by a and b with L = b/a. These dimensional parameters
are assumed to be constant during the deformation process of com-
posite to discern the effects solely from structural reorientation.

Crack propagation is mainly motivated by the axial compressive
stress along its length direction, ¢, which creates local tensile stress
at the poles of pore and at the crack tips. In addition, the crack is sub-
ject to a confining compressive stress, g3, that acts in the orthogonal
direction and tends to close the crack. For this configuration, the
mode I stress intensity at the crack tip, K, can be determined by [71]:

Ki = o1(mal)'? [1.1(1 —217)/1+L>*3 = i] (15)

with Z = 3/0;. The resolved stresses are correlated with the struc-
tural orientation according to ¢; = g cos? 0 and o3 = ¢ sin’ 0, where
o is the nominal compressive stress of the composite, yielding
). = sin” 6/ cos? 6. As such, the splitting resistance of the composite
under compression, R¢, represented by the reciprocal of the stress
intensity, can be derived similar to the treatment in Section 3.3 as
a function of the orientation angle as:

Re = 1/K,

-1/2 -1

= (male®) ’(1 + L)3-3{1 1cos? 0 — [2.31 +(1+ L)3'3] sin’ 0}

(16)
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Fig. 9. Enhanced compressive splitting toughness as a result of structural reorientation. (a) Schematic illustration of the propagation of splitting cracks initiated from a pore
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This relationship is plotted in Fig. 9(b) by setting the parameters
o and a to unity. The composite demonstrates an improved resis-
tance against interfacial splitting, as indicated by an increasing
Rc, as its structure is inclined by a larger inclination angle 0 with
respect to the loading direction; such a trend is especially promi-
nent for long cracks with higher L. This effect of structural orienta-
tion on splitting toughness is corroborated by the fact that the
keratin fibers that are aligned along the axial direction in the bird
feather shaft of Pavo cristatus exhibit a high risk of splitting, espe-
cially when compared to those with large inclinations (indeed,
these fibers can even play a role in resisting the splitting of feather
shaft) [66,67].

The structural reorientation of the composite then can occur
during the process of compressive deformation, continuously
increasing the deviation of the splitting plane away from the verti-
cal (loading) direction. This lowers the driving force for crack prop-
agation by reducing ¢, and simultaneously leads to a strengthened
confining effect with a higher o3, thus making the growth of the
splitting crack increasingly more difficult. The instantaneous split-
ting resistance of the composite Rc can then be described in terms
of the compressive strain &c as:

_ -1
Re=(mala?) ”2(1+L)3-3{[3.41+(1+L)3'3]c05200€zsc,2,31 7(1+L)3'3}
(17)

The variations in Rc with & in composites with differing 6y for
the cases of L = 1 and L = 3 are shown in Fig. 9(c) and (d). Orienta-
tions with large 6, are not considered here because of the preferred
crack closure by the high confining stress. The composite generates
an enhanced toughness by adapting its structure to resist splitting
under compression. Such a toughening effect, in conjunction with

the improved fracture resistance under tension (see Section 3.3),
clearly illuminates the efficiency of the composite structure in
developing damage tolerance.

5. Computational simulations

Computational simulations were performed to validate and
visualize part of the theoretical/analytical findings. Two-
dimensional composite models with dimensions of length of
100 pum and width of 50 um were established using the commer-
cial finite element software ABAQUS (Dassault Systémes, France),
as shown in the inset in Fig. 10(a). One of the end boundaries of
the models was fixed along the loading direction. Stiff and compli-
ant phases were arranged in the laminated manner with the con-
nection between them being defined with an ideally tight
bonding state, i.e., the deformation of the two phases was continu-
ous at their boundaries. The lamellar thickness of the interfacial
matrix and the stiff reinforcement was 1 pm and 9 pm, respec-
tively, giving the parameters V4 =0.1 and Vz = 0.9. Both con-
stituent phases were considered to be linear-elastic with their
Young’s moduli set as E, = 0.1 GPa and Ep = 2 GPa (giving the
parameter k = Eg/E, = 20) and Poisson’s ratio set as v = 0.3. These
are all consistent with the parameters used in the theoretical anal-
ysis. The tensile force was applied by uniformly distributing the
stress on the contact boundary. Models with original orientation
angles of 15°, 30°, 45°, 60°, and 75° were designed and examined
for loading under uniaxial tension. In addition, side notches, with
a notch width of 1 pm and a notch tip radius of 0.5 um, were
introduced into the interfacial phases at the middle sections of
the composites. The projected length of the notches accounted
for about half of the width of models. The notch length was set
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to be constant in the process of deformation, according to the
above mechanistic analysis, to exclude the influence from cracking
from the notch. Specifically, examination of notches with thickness
comparable to that of the lamella of the interfacial phase, rather
than sharp cracks, helps exclude the influence of factors other than
the structural orientation, such as the exact position and growth
direction of cracks within the interfacial phase and the severe
stress concentration at the crack tips. The regions around the notch
tips were finely meshed to ensure a satisfactory smoothness of the
stress and strain fields.

5.1. Uniaxial tension

The true tensile stress-strain curves of the model composites
obtained from the finite element simulations for differing original
structural orientations are shown in Fig. 10(a). The composites dis-
play non-linear elasticity with their stress-strain curves slightly
bent upwards in J-shaped fashion, implying an increasing stiffness
on loading. The variation in the Young’s modulus with the tensile
strain for the various composites is shown in Fig. 10(b). The initial
values and the varying trends of the moduli agree well with our
theoretical results (Fig. 3(a)), validating the strain-stiffening
behavior of the composites. Additionally, the composites with

large orientation angles exhibit an “anomalous” variation of mod-
uli, as portrayed by the higher initial moduli of the composite with
0o = 75° than the one with 6y = 60° (shown in the inset). This also
is consistent with the results of our analytical analysis. It is noted
that the constituent material in the theoretical model is assumed
to be inextensible to rule out the influence from other factors
beyond the structural reorientation. As such, the strain of compos-
ite in the theoretical model originates merely from its adaptive
structural reorientation during loading. However, this assumption
is not applicable to the simulations where the materials can
deform elastically. The strain in the modeling composite originates
not only from structural reorientation, but also from the extension
of constituents, and thus is invariably higher compared to the the-
oretical model at an equivalent stress. This leads to a decreased
strain-sensitivity or strain-dependence of the modulus in the mod-
eling than that predicted by calculation, specifically Eq. (4). As a
result, an equivalent modulus can only be generated at a larger
strain in the modeling, as compared to theoretical analysis, for
the composites with original orientation angles of 15° and 30°
where the modulus increases monotonically with strain. In con-
trast, for the composite with 0y = 75°, the modulus decreases ini-
tially because of the restricted lateral contraction and then
increases with increasing strain in the theoretical analysis. In this
case, an equivalent modulus can be generated at a smaller strain
in modeling as the lateral contraction is facilitated by the deforma-
tion of the constituents. In addition, the decreased strain-
dependence of the modulus in the modeling makes the two curves
for 0 = 45° and 0, = 60° appear closer for a broader range of strain
on the horizontal axis.

5.2. Fracture resistance

The influence of structural orientation on the damage tolerance
of the composites can be readily accessed by comparing the stress
fields corresponding to the same strain (¢r = 2%) around the tips of
notches in composites with differing original orientation angles, as
shown in Fig. 11(a)-(e). With the increasing inclination of the com-
posite structure with respect to the loading axis, the stress is con-
centrated into smaller areas near the notch tips, as represented
specifically by the narrower ranges of the high stresses. Addition-
ally, the stress concentration sites are gradually shifted from the
reinforcement phase to the weak interfacial matrix; this is also
accompanied by an increase in the stress level within the interfa-
cial phase. Accordingly, the composites with the smaller con-
stituent orientation angles tend to possess a higher fracture
resistance. Furthermore, by reorienting their structure towards
the loading direction, i.e., by decreasing the orientation angle, nat-
ural composites are capable of adjusting the stress fields during the
deformation process. This functions to alleviate the stress concen-
trations at the notch tips by widening the high stress areas and
shifting the stress concentration sites away from the interfacial
phase. As shown in Fig. 11(e)-(h), such effects are manifested by
comparing the stress fields of composites with the same original
orientation angle (30°) but which are deformed at different levels
of strain.

6. Conclusions

A wide variety of composite biological materials can adapt their
microstructural orientation during the deformation process, gener-
ally by decreasing the inclination of their structure with respect to
the loading axis under tension and increasing it under compres-
sion. Such adaptive structural reorientation is revealed here not
to be simply a mode of passive response to create deformability,
but also to function as a potent strategy for the natural materials
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Fig. 11. Simulation of the effects of structural orientation and reorientation on damage tolerance. (a-e) Contours of the effective von Mises stress around the notch tips in
composites with differing original structural orientations at the same tensile strain of 2%. (e-h) Changes in the effective von Mises stress fields around the notch tips in
composites with the same original orientation angle of 30° but deformed to different strains.

to optimize their mechanical performance. These natural compos-
ites are capable of generating improved stiffness and strength
during deformation under tensile loading, demonstrating their
strain-stiffening and strain-hardening characteristics. At the same
time, their fracture resistance can be enhanced because of a contin-
uous deviation of the cracking path away from the mode I plane.
Under compressive conditions, such structural reorientation can
endow the composites with increased splitting toughness and
buckling resistance of both the macroscopic component and the
local microstructural constituents. This leads to the development
of an enhanced combination of mechanical properties, including
the rigidity, strength, stability, and damage tolerance of materials
from constrained flexibility. It is of note that some of these proper-
ties are often mutually exclusive in man-made material-systems.
In natural materials, conversely, such combinations of mechanical
properties result essentially from their ingenious designs, includ-
ing the alignment of stiff reinforcements within a compliant matrix
and the presence of microscopic mechanisms that enable easy
interfacial mobility (e.g., sliding) between constituents to allow
for the reorientation.

In this work, constitutive relationships have been established
systematically between the instantaneous mechanical properties
during deformation and the corresponding strain using a theoreti-
cal/analytical analysis based on a basic composite model which
was validated by computational finite element simulations. It
should be noted that the current analysis is concentrated on the
effects of structural orientation and reorientation by excluding
the confusion from other factors. Qualitative comparison of
theoretical results with experimental data in the literature does
demonstrate good agreement. Nevertheless, the assumption in
the theoretical model that the constituents are straight and

inextensible becomes invalid in actual biological materials. Indeed,
actual biological materials are more complex, often comprise mul-
tiple lamellae with varying orientations, and deform by multiple
mechanisms in addition to structural reorientation. We trust that
our findings will both shed light on the strategies used by nature
to develop the extraordinary mechanical properties of natural
materials from the perspective of materials science and mechanics,
and also suggest approaches that could be implemented in future
synthetic material-systems to realize unprecedented combinations
of properties.
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