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Suture interfaces are one of the most common architectural designs in natural material-systems and are
critical for ensuring multiple functionalities by providing flexibility while maintaining connectivity. De-
spite intensive studies on the mechanical role of suture structures, there is still a lack of understanding
on the fracture mechanics of suture interfaces in terms of their interactions with impinging cracks. Here
we reveal an interfacial toughening effect of suture structures by means of “excluding” cracks away from
interfaces based on a dimensionless micro-mechanical model for single-leveled and hierarchical suture
interfaces with triangular-shaped suture teeth. The effective stress-intensity driving forces for crack de-
flection along, versus penetration through, an interface at first impingement and on subsequent kinking
are formulated and compared with the corresponding resistances. Quantitative criteria are established for
discerning the cracking modes and fracture resistance of suture interfaces with their dependences on su-
tural tooth sharpness and interfacial toughness clarified. Additionally, the effects of structural hierarchy
are elucidated through a consideration of hierarchical suture interfaces with fractal-like geometries. This
study may offer guidance for designing bioinspired suture structures, especially for toughening materials
where interfaces are a key weakness.

Statement of significance

Suture interfaces are one of the most common architectural material designs in biological systems, and
are found in a wide range of species including armadillo osteoderms, boxfish armor, pangolin scales and
insect cuticles. They are designed to provide flexibility while maintaining connectivity. Despite many
studies on the mechanical role of suture structures, there is still little understanding of their role in terms
of interactions with impinging cracks. Here we reveal an interfacial toughening effect of suture structures
by means of “excluding” cracks away from interfaces based on a dimensionless micro-mechanical model
for single-leveled and hierarchical suture interfaces with triangular-shaped suture teeth. Quantitative cri-
teria are established for discerning the cracking mode and fracture resistance of the interfaces with their
dependences on sutural tooth sharpness and interfacial toughness clarified.

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

1. Introduction

woodpecker beak [7], armadillo osteoderms [8], turtle carapace
[9,10], boxfish armor [11], pangolin scale [12,13], insect cuticle

Suture interfaces are one of the most common architectural
designs of materials in biological systems which have evolved
independently in a wide range of species [1-3]. Typical examples
incorporating suture structures include the mammal crania [4-6],
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[14], seashells [15,16], diatoms [17], and seedcoats of succulents
and grasses [18,19]. A suture interface is principally featured by
the connection of generally stiff skeletal blocks or components
via a compliant interfacial seam along geometrically complex
boundaries, as shown in Fig. 1a,b. Specifically, the suture interfaces
in some material-systems display a fractal-like hierarchical nature
where higher-ordered structures of similar geometries, but with
smaller dimensions, are superimposed onto lower-ordered ones
[15,20] (Fig. 1b).

A major function of suture interfaces is to provide flexibility,
while maintaining structural integrity, to accommodate respi-
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Fig. 1. Suture interface and its interaction with a crack. (a) Typical suture interface joining the scutes in boxfish armor [10]. (b) Schematic illustrations of triangular-shaped
fractal-like suture interfaces with the levels of structural hierarchy up to 3. (¢, d) Illustrations of the interactions between the crack and suture interface for crack impingement
at the (c) left and (d) right sides of suture tooth. (e) Dependence of the ratio between the effective stress-intensity driving force for crack deflection and penetration, K4/Kj,
with the angle of crack inclination with respect to the interface, 6, for an originally pure mode I crack. The criteria for the two cracking modes are illustrated in the insets.

(a) is adapted with permission from ref. [11].

ration, growth and locomotion of organisms without critically
declining the stiffness and strength of materials [2,5,10,21,22].
Additionally, the suture interfaces that join brittle components can
play an effective role in toughening materials by increasing the
complexity of crack propagation via directing cracks into wavy
paths [1-3,23-25]. The mechanical behavior of suture interfaces,
including stiffness, strength and failure mechanisms, has been
broadly explored in recent years [16,20,23-31]. Relationships have
been established to correlate these properties with the geometrical
parameters of the sutures, e.g., the shape, tip angle and width of
the suture teeth, and the levels of structural hierarchy, together
with the characteristics of the materials, e.g., the Young’s moduli
and fracture toughnesses of the skeletal components and interfa-
cial seam. Moreover, the design principles of naturally-occurring
suture structures have been increasingly implemented in the
development of new bioinspired materials [23-25,28-30,32-34].
Such a strategy is particularly effective in toughening inherently
brittle systems, such as glasses and ceramics [33,34].

Differing from hyper-mineralized materials like seashells, the
skeletal components of suture structures in most of the less-
mineralized biological systems are not brittle, but usually possess
good combinations of strength and fracture toughness. This is
particularly widespread in natural materials containing large
amounts of collagens (e.g., mammal crania [4-6], turtle carapace
[9,10] and boxfish armor [11]), keratins (e.g., woodpecker beak
[7] and pangolin scale [12,13]) and chitins (e.g., insect cuticle
[14]), and in plant systems [18,19]. However, the interfaces in
these natural materials may provide prime sites of weakness
as easy interfacial cracking can severely compromise their me-
chanical properties. From a perspective of structural integrity
and the generation of superior damage tolerance, it is therefore
preferable to confine the development of any crack within the
skeletal components rather than channeling it into an interface.
This contrasts with the scenario in hyper-mineralized biological
materials and many brittle ceramics where interfacial or inter-
granular fracture can promote toughness [35-37]. Consequently,
the question arises as to how the suture structure can affect the
interactions between cracks and the interface, specifically in terms
of determining the mode of crack advance. Indeed, despite the
current consensus about the toughening effect of suture interfaces
due to the “capture” of cracks in brittle systems [1-3,23-25], it
remains unclear whether a suture structure may actually act in
an opposite fashion to “exclude” cracks into the skeletal compo-

nents, particularly where the material is composed of less brittle
constituents.

2. Theoretical considerations

Here we focus on the impingement of an originally straight
crack under a pure mode I stress state onto a suture interface.
Our approach is to explore the effects of sutural geometrical
characteristics and structural hierarchy on the cracking mode by
deflecting into, versus penetrating through, the interface. This
issue is addressed by comparing the crack driving forces (i.e., the
effective stress intensities) at a crack front with the corresponding
fracture resistances (ie., the fracture toughnesses of the inter-
face and skeletal component). We consider a two-dimensional
micro-mechanical model that is independent of length-scale or
dimension, as illustrated in Fig. 1c,d; accordingly, the specific
influence of remote interfaces and cracking paths on the stress
state at the crack tip is not explicitly taken into account.

The suture teeth are considered to exhibit a triangular shape
which is common in nature and has been proven to promote a uni-
form stress distribution among various geometries to allow for the
high stiffness, strength and toughness of the material [23,26,27,32].
The skeletal components are presumed to be isotropically elas-
tic and homogeneous to exclude the effects of plasticity and
mechanical anisotropy. The suture structure is considered to be
composed of the same material on both sides of interface. This is
consistent with the fact that suture interfaces are most commonly
formed between identical skeletal components in nature [4-19].
Additionally, the interface is presumed to be thin enough such that
the direction of any interfacial cracking conforms exactly to the
interfacial profile (without considering additional crack deflection
within the interface). This assumption is reasonable as most suture
interfaces in biological materials exhibit a limited thickness, espe-
cially as compared to the dimension of their skeletal components.
For example, the thicknesses of the suture interfaces in armadillo
osteoderms and boxfish armor are, respectively, ~1/20 and 1/200
of the widths of the osteoderm scales and boxfish scutes [8,11].
Similarly, the epidermis cells constituting Panicum miliaceum and
Portulaca oleracea seedcoats are over 20 times larger than the
interfacial thicknesses of their suture structures [18,19].

The strength of a suture interface has been elucidated in
terms of the competition between interfacial shear and normal
failure of the suture tooth [26]. Nevertheless, in the presence of
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cracks it is the fracture toughness that plays the dominant role in
determining the cracking mode and fracture resistance. Here the
fracture toughnesses of the interface and the skeletal component,
represented respectively by the critical mode [ stress intensities,
K,ic and K,bc, are presumed to be constant. These stress intensities
can provide a direct assessment of the intrinsic resistance to
cracking within the two phases.

A crack may continue to extend when impinging on an inter-
face in two principal modes, specifically, deflection (or kinking)
into, versus penetration through, the interface [33,38-43]. The
competition between these modes is determined by their energy
release rates or effective stress intensities for cracking which are
closely dependent on the inclination angle between the crack and
the interface. Here the inclination angle is defined to be positive
by counterclockwise rotation from the crack wake to the interface.
Similarly, the deflection (or kinking) angle of the crack is defined
to be positive in counterclockwise fashion. With respect to crack
kinking at an angle 6, the crack tip will be subjected to both
tensile and shear stresses despite the pure mode I stress state of
the far-field loading. The mode I and mode II stress intensities, K;
and Kj;, for an infinitely-small and kinked crack, i.e., at the onset
of crack kinking, can be expressed respectively as [35,40,43]:

Ki = Ci1 (8)ki + Ci2(0)ky (m
and

Kip = Go1 (0) ki + Co2 (0) ki, (2)
where

Cn(0) = cos®(0/2),

Ci2(0) = —3sin (8/2)cos?(0/2),
Co1(6) =sin (0/2)cos? (6/2),

C2(8) = cos (6/2)[1 - 3sin® (6/2) -

k; and k; are the stress intensities for the initial incident crack,
with k;; = 0 in case of an originally pure mode I stress state before
kinking.

The effective stress intensities for crack deflection (or kinking)
into the interface, Ky, and for crack penetration through the
interface, Kj, can be obtained as:

Ki = (K7 +K3)"* = kicos2(62). (3)
and
Ko = (& +K3)"* = k. (4)

Ky and K;, represent the driving forces for the two cracking modes
exerted by the applied load. The competition between crack deflec-
tion and penetration can be evaluated by comparing these driving
forces with the corresponding resistances, as follows [33]:

Ky/Kp = cos?(6/2) > Ki-/KL (deflection), (5)
and
Ky/Kp = cos?(6/2) < Ki-/K. (penetration), (6)

where K,‘C and K,bc are the critical stress intensities (i.e., fracture
toughness values) of the interface and bulk component, respec-
tively.

The inclination angle of the crack with respect to the interface
plays a critical role in determining the effective stress-intensity
driving force for crack deflection versus penetration, thereby dic-
tating the cracking mode at the first impingement. For a given
interfacial toughness normalized to that of the skeletal component
K}C/I<,”C, the crack tends to penetrate through the interface when
the inclination angle is larger than a critical value, otherwise it
will deflect into interface, as shown in Fig. 1e. This critical angle

decreases monotonically from 180° to 0° as the normalized inter-
facial toughness increases from O (i.e., the interface approximates
an open crack) to 1 (or equivalently without interface). It is noted
that when 6 exceeds 90°, it may be easier for a crack to kink by
a supplementary angle of 6. This is taken into account here by
considering crack kinking only to the right side but examining an
entire range of initial incident angles from 0° to 180° in view of
the geometrical symmetry (Fig. 1c,d).

3. Results
3.1. Interaction of crack with the suture interface

We now analyze the interaction of a crack with the suture
interface where the apex angle of the triangular-shaped suture
tooth is 2¢, with o defined as the sutural tip angle as illustrated
in Fig. 1c,d. The crack may impinge onto the interface at both sides
of the suture tooth. The actual inclination angles for impingement
at the left side and right side, 6'1L and 491R, can be determined as a
function of the sutural tip angle as:

OF =0y +90° — « (7)
and
Of = 0y —90° + «, (8)

respectively, where 6 is the initial incident angle of the crack
with respect to an originally straight interface without a suture
structure.

In the case of a left-side impingement, the actual inclination
angle 01L is invariably larger than 6, leading to a decrease in the
effective stress intensity for crack deflection relative to penetration,
as compared to a suture-free interface (Fig. 1e). This implies an
improved propensity for crack penetration through the interface
for given cracking resistances of the interface and skeletal com-
ponent. As such, interfacial cracking can be retarded even though
the real toughness of the interface remains constant, suggesting
an interfacial toughening effect. Nevertheless, the suture structure
results in a decreased inclination angle Qf than 6y when the crack
impinges at the right side of the suture tooth. This makes the crack
more easily “captured” in the interface by increasing the effective
stress intensity for crack deflection versus penetration (Fig. 1e).

Therefore, at the first impingement, the suture structure does
not necessarily act to toughen the interface, but may also promote
interfacial cracking in terms of the kinking of incident cracks into
the interface. For the latter case, however, subsequent propagation
of the interfacial crack necessitates a constant crack deflection
along the zig-zag profile of suture interface, i.e., crack kinking
should always prevail over penetration into the skeletal compo-
nent. Next, we explore the advance of a kinked crack with its front
approaching the tip of the suture tooth. The crack may penetrate
through the interface or continuously deflect along it; the latter
represents a second kinking of an oblique crack which has been
kinked by an angle 6 (i.e., G]L or Q]R) with respect to its originally
pure mode I direction. The mode I and mode II stress intensities
for a singly-kinked crack can be approximated using K; and Kj
provided there is a limited kinking length compared to the main
crack [40,43]. For an infinitely small crack tip which is additionally
kinked by angle ¢, the stress intensities K| and K}, at the crack tip
can be obtained by substituting K; and Kj; into Eqs. (1) and (2) for
k; and ky; as:

K/I = C]] (QD)K] =+ C]z ((p)K[[
= ki[cos?(8/2)cos> (¢/2)
—3sin (0/2)cos?(0/2) sin (¢/2)cos? (¢/2)]. (9)

and
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Fig. 2. Driving forces for second crack kinking versus penetration. (a, b) Dependences of the ratio between the effective stress intensities for second kinking and penetration,
K /Kj, for a crack approaching the tip of a suture tooth at an initial incident angle 6o and sutural tip angle « when the first impingement occurs at the (a) left and (b) right
sides of the suture tooth. (c, d) Variations in Kj/Kj, as a function of 6o over the entire incident range of specific sutural tip angles with « at 15°, 30°, 45°, 60° and 75° for

case of the first impingement at the (c) left and (d) right sides of the suture tooth.

Kj; = Co1 (9)Ki + Coa (9)Kiy = ki{sin(g/2)cos? (¢/2)cos (6/2)
+sin(0/2)cos(6/2) cos(p/2)[1 — 3sin® (p/2)]}. (10)
The effective stress intensity for the second kinking of the
crack, K, can thus be obtained as:
Ky = (K/Z +K/12)1/2
= kicos®(8/2)[cos* (¢/2) + 4sin® (¢/2)cos?(p/2)sin (0 /2)
—4sin(p/2)cos’ (p/2) sin(0/2) cos(0/2)]"/2. (11)

The effective stress intensity for crack penetration into the
skeletal component, K}, can be approximated using that for the
crack kinking at first impingement with the interface as:

Ky =Ky = (K> + K3)"* = kicos®(6/2). (12)

As such, the ratio between the effective stress-intensity driving
forces for second crack kinking and penetration at the tip of the
suture tooth can be described as a function of the kinking angles
6 and ¢ as:

K} /K} = [cos* (¢/2) + 4sin’ (¢/2)cos? (¢/2)sin® (0 /2)

—4sin(¢p/2)cos’ (p/2) sin(0/2) cos(0/2)]/. (13)

The cracking mode can thus be determined by comparing
driving forces with corresponding resistances as:

K}/K), > Ki-/Kp (deflection), (14)
and
K}/K), < Ki-/K}- (penetration). (15)

As illustrated in Fig. 1c and d, the kinking angles (6, ¢) are
(6L, 200 — 180°) and (AR, 180° — 2«), respectively, when the first
impingement occurs at the left and right sides of suture tooth. In
both situations, the ratio of the effective stress intensities K}/K],
for cracks with an initial incident angle 6, ranging from 0° to 180°
can be obtained by combining Eqs. (7), (8) and (13), as shown
in Fig. 2a,b. The variations in K)/K}, with 6, for specific sutural
tip angles with o set at 15°, 30°, 45°, 60° and 75° are shown in
Fig. 2c,d. It is seen that for left-side impingement, the introduction
of relatively sharp suture structures (e.g., « is 15° or 30°) leads to
smaller K/K}, over the entire incident range compared to the case
for a suture-free straight interface (i.e., with K‘; /KI/, =1 as denoted
by dashed line) (Fig. 2a and c). Consequently, cracks become more
prone to penetrate through the interface and propagate into the
skeletal component for a given interfacial toughness. Nevertheless,
K/K}, may be larger than unity when the suture tooth is relatively



Z. Liu, Z. Zhang and R.O. Ritchie/Acta Biomaterialia 102 (2020) 75-82 79

a
1.25 4
T .a
<
X 1.00
c
il
© 0751
@
C
2 050-
%)
>
D (.25
-5 K /K b a=30°R
= ( ic’Vc )Iower _____
X 0.00 . : . . .
0 30 60 90 120 150 180
Initial incident angle, 6, (°)
1.0

0.8 (K7Ke)

upper
0.6 4
0.4

0.2+

0.0+

Normalized toughnesses, ch/Kf’C o

0 15 30 45 60 75 90
Sutural tip angle, a (°)
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between the effective stress intensities for second crack kinking and penetration,
K} /K, in the case of left- (L) and right-side (R) impingements for specific sutural
tip angles with o at 30° and 60°. (b) Variations in (Ki./K2)igwer and (Kie /K2 )upper as
a function of the sutural tip angle « for a single-leveled suture interface.

obtuse (e.g., « is 45°, 60° or 75°), implying easier crack deflection
along interface by a second kinking (compared to the case for
suture-free interface). In comparison, cracks invariably exhibit
a smaller I<é/l<l’, below unity because of the presence of suture
structures for the case of the first impingement occurring at the
right side of the suture tooth (Fig. 2b and d). This leads to an
interfacial toughening effect by resisting further crack advance
along the interface. Such an effect can be increasingly enhanced,
as indicated by the decrease in K}/K}, as the suture tooth becomes
sharpened with decreasing sutural tip angle.

Additionally, for a given sutural tip angle, cracks will display
a smaller K//K}, for all initial incident angles when the first im-
pingement occurs at the right side of the suture tooth compared
to the case for the left side, as shown in Fig. 3a. This makes the
second kinking of the crack, in the form of “right-to-left” side on
the suture tooth, a key step in determining whether a crack can
constantly deflect along the interface. The prevalence of such crack
kinking over penetration will lead to continuous interfacial crack-
ing by enabling successive deflection. Otherwise, the crack will
be eventually excluded away from the interface into the skeletal
component even though crack kinking with other configurations

(e.g., from left to right side on the suture tooth for a single-leveled
suture interface) may be preferred.

For an improved description of these interactions between
cracks and the suture interface, we can define two characteristic
values for the interfacial toughness normalized by that of the
bulk component, (Ki-/KE)oyer and (Ki-/KE)upper, as indicated
in Fig. 3a. (Ki/KE)joer denotes the minimum of the effective
stress-intensity ratios for crack deflection versus penetration I((;/KI’)
for all modes of double kinking (i.e., with first impingement at
both left and right sides of the suture tooth) over the entire
initial incident range. Any crack advance will be confined into
the interface when the normalized interfacial toughness is lower
than (Ki-/K2)iower. (Kie/KE)upper is defined as the maximum value
of the lower-bound K//Kj, over the entire incident range which
corresponds to relatively difficult modes of double kinking (i.e.,
right-side impingement in case of single-leveled suture structure).
Any crack will eventually propagate into the skeletal component
by penetrating through the interface when the normalized inter-
facial toughness is higher than (I(}C/I(I”C)upper. For a single-leveled
suture interface, (Ki-/KZ)joyer and (Ki-/KE)upper can be determined
as a function of the sutural tip angle as:

(1<;'C /1<,"C)

. . . . 1/2
= [sm4a + 4sin®acos?asin® (a/2) — 2sin*a cos a] / , (16)

lower

and
(1<;'C /1<,"C)

= {sin4a + 4sinacos?asin®[ (a — 90°)/2] + Zsin3acosza}1/2.
(17)

As shown in Fig. 3b, both (Ki-/KE)jpyer and (Ki-/KE)upper are
lowered by the presence of a suture structure to a value below
unity which corresponds to a suture-free straight interface (i.e.,
with o = 90°). These parameters exhibit a monotonically decreas-
ing trend as the suture tooth becomes increasingly sharpened (i.e.,
with decreasing «). This indicates that by inhibiting crack ad-
vance along the interface, the suture structure plays an interfacial
toughening role which is positively related to the sharpness of the
suture tooth. Taking o = 15° for example, the constant deflection
of all cracks along the interface necessitates an extremely weak
interface with a toughness lower than 0.9% of that for the bulk
component. Moreover, any interfacial cracking can be eventually
impeded as long as the interface is not more than 64% less tough
than that of the skeletal component. Such a toughening efficiency
is remarkable considering that, in the absence of a suture struc-
ture, a similar result can only be achieved when the interface is
as tough as the component itself. The above theoretical findings
are consistent with the results from finite element simulations on
suture interfaces with differing degrees of waviness [23,27,30,44].
It has been shown that crack propagation along a suture interface
can be effectively retarded as the waviness of the interfacial
layer increases (i.e., the sutural tip angle decreases), leading to
an improved fracture toughness of the entire structure. This has
also been validated by experiments using bioinspired polymer
prototypes with designed sutural geometries manufactured by a
3-D printing technique [23,30,44].

upper

3.2. Effects of structural hierarchy

In the following, we explore the effects of structural hierarchy
by examining the interactions between cracks and a hierarchical
suture interface with fractal-like geometries. The suture teeth at
each level of hierarchy are taken to be triangular in shape with
the same sutural tip angle of o (Fig. 1b). As illustrated in Fig. 1c
and d, the actual inclination angle of the crack with respect to
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60° and 75°, are shown in Figs. S1-S4 in the Supplementary Materials.

the interface at n-ordered hierarchy can be correlated to that
for a lower-ordered structural level in a similar fashion with
Egs. (7) and (8) as:

0L =6, 1 +90° —a (18)
and
Of =0,_1 —90° +a, (19)

where the superscripts L and R denote that the impingement
occurs at the left and right sides of the finest suture tooth. The
inclination angle at the n — 1 level of hierarchy, 8,_1, has a couple
of possibilities, specifically 0#71 or 49,’1{1, considering that the
higher-ordered suture teeth may be located at either the left
or right side of the lower-ordered ones. As such, the number
of modes for crack-interface intersections can be doubled with
each increase in structural hierarchy, giving 2" possibilities for
n-ordered suture interface.

With respect to the second kinking of deflected cracks, the
kinking angles equal those for the single-leveled suture structure
as 2« — 180° and 180° — 2«, respectively, when the crack impinges
at the left and right sides of the highest-ordered suture tooth.
Therefore, the ratio between the effective stress intensities for
crack deflection and penetration at the tip of the suture tooth,
K} /Ky, can be obtained according to Eq. (13) by substituting the

kinking angles (6, @) using (6L, 2o — 180°) and (6R, 180° — 2a),
respectively, for left- and right-side impingement of a crack with
the finest suture tooth.

Fig. 4 shows the variations in Ké/Kl’, over the entire range
of initial incident angles 0, for cracks intersecting with hierar-
chical suture interfaces which have a specific sutural tip angle
with o = 15° and display differing structural hierarchies up to
5. The cases for other sutural geometries with « equal to 30°,
45°, 60° and 75° are plotted in Figs. S1-S4 in the Supplementary
Materials. The detailed modes for double kinking are indicated
by the position of first crack impingement. For example, for the
interaction of a crack with a suture interface having 2 levels of
hierarchy, “RL” denotes that the second kinking originates from
a first impingement on the left side of a 2-ordered suture tooth
which is located at the right side of the primary tooth. It is shown
that the increase in structural hierarchy leads to a multiplicity of
kinking modes for the crack in terms of the competition between
crack deflection and penetration (some of these modes may be
equivalent for second kinking as indicated by the overlap of K}/K},
curves). To maintain constant crack deflection along the interface,
crack kinking should always prevail over penetration for all of
these modes. Otherwise, the crack will eventually be excluded
away from the interface as long as crack kinking with the lowest
propensity (i.e.,, smallest K)/K}) is inhibited. Therefore, whether a
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Fig. 5. Effects of structural hierarchy on the fracture resistance of suture interfaces.
Dependences of the characteristic interfacial toughness normalized by that of the
skeletal component (l(,i(-/lqbc)uppgr on the number of levels of structural hierarchy
for fractal-like hierarchical suture interfaces which possess triangular-shaped suture
teeth with specific sutural tip angles of « as 15°, 30°, 45°, 60°, and 75°.

crack may extend along suture interfaces with differing structural
hierarchies is essentially determined by the lower bounds of
K/Kp, as highlighted by the thick curves in Fig. 4.

It can be seen that the parameter (K}C/I<,”C)lower is independent
of the levels of structural hierarchical for given sutural tip angles
(Fig. 4 and Figs. S1-S4 in the Supplementary Materials). As such,
the critical conditions for interfacial toughnesses remain constant
in order to ensure the confinement of all incident cracks into the
interfaces. Nevertheless, such characteristic values tend to appear
at more initial incident angles as the number of hierarchical
levels increases. This implies that cracks with broader initial
incident ranges become more prone to penetrate through the
interface when the normalized interfacial toughness is higher than
(Kllc/ Klbc)lower~

On the other hand, the parameter (Ki./KE)upper, as the maxi-
mum of the lower bounds for K}/K}, over the entire incident range,
exhibits a generally decreasing trend with an increase in hierar-
chical levels, as shown in Fig. 5. Specifically, (Ki-/KE)upper may
become stable over specific hierarchies for suture interfaces with
right-angled teeth or close geometries (e.g., o is 30°, 45°, or 60°).
Additionally, for a given level of hierarchy (Ki./KE)upper tends
to be decreased as the suture tooth becomes sharper (i.e., with
decreasing o). Therefore, interfacial cracking can be increasingly
retarded by the suture structure either by increasing the levels of
structural hierarchy or by increasing the sharpness of the suture
tooth. This plays a role in toughening the interface by shielding it
from the applied stress even though the intrinsic interfacial tough-
ness remains constant. For example, with respect to 5-ordered
hierarchical suture interfaces encompassing relatively obtuse and
sharp teeth with o as 75° and 15°, all incident cracks will even-
tually be excluded from the interface into the skeletal component
as long as the interfacial toughnesses are not lower than 76% and
13%, respectively, of the corresponding toughness of the skeletal
component. The analytical model proposed by Li et al. predicts a
similar trend of increasing fracture toughness with the increase in
structural hierarchy for fractal-like hierarchical suture structures
[20,30]. This has also been experimentally validated by mechanical
characterization of 3-D printed suture structures with differing
structural hierarchies and complex geometries [32]. The en-
hanced toughness gained through increasing hierarchy was found
to be associated with the generation of more “graceful” failure
mechanisms that promoted energy dissipation by the suture joints.

4. Discussion

We note that suture interfaces in nature exhibit certain thick-
nesses and are filled with material which is more compliant or
viscoelastic than the skeletal component. Nevertheless, neither the
plastic deformation nor the structural or mechanical anisotropy of
the constituents (either the interfacial seam or skeletal component)
are considered in our analysis. Also, extrinsic toughening mech-
anisms, which mainly act behind a crack tip and are common in
many biological materials, are also not taken into account [45,46].
Admittedly, plastic and viscoelastic deformation can play a major
role in conferring compliance and in toughening the constituents
[20,25,29], but these effects can always be integrated into the
current model in terms of improvements in the intrinsic fracture
toughnesses of the constituents (i.e., K}C and K,bc). Indeed, plasticity
represents a prime contribution to intrinsic toughening which acts
to enhance the inherent resistance to cracking of a material instead
of shielding the crack tip from the applied stresses [45,46]. The as-
sumptions made here are formulated for elastic fracture mechanics
(in terms of stress-intensity factors), which in terms of general
trends we believe are pertinent to natural biological materials and
3-D printed suture structures where plasticity may be involved
[8,11,20,23,44]. Additionally, the present model is presumed to be
applicable to realistic suture interfaces as they usually comprise
the same skeletal components on both sides and exhibit a limited
interfacial thickness relative to the dimensions of the components.

Moreover, by examining a sufficiently large incident crack
of a length considerably exceeding the characteristic dimension
of a suture tooth, any kinking length for crack deflection along
the interface can be regarded as infinitely small as compared to
the originally pure mode I crack. The influence from any remote
cracking paths and interfaces on the stress states can be addi-
tionally excluded by focusing on the tip region of the thin crack
front. Therefore, the stress intensities derived for double kinking
of cracks are also approximately applicable to those for multiple
crack kinking or deflection, regardless of the cracking configura-
tions along the interface [33,43,47,48]. This means that interfacial
cracks approaching sutural tips are not necessarily kinked from a
first impingement, but may have kinked by more times or even
penetrated through several interfaces or suture teeth before being
subjected to final kinking. Therefore, the current analysis can be
employed to examine the competition for the kinking of a crack
along, versus penetration through, the suture interface at any time.
With such a scenario, this study may offer the basic means for
discerning the crack-interface interactions and for evaluating the
fracture resistance of suture structures.

5. Conclusions

By focusing on the crack-tip region based on a micro-
mechanical model, we investigated the interaction of an impinging
crack with a suture interface in terms of further crack advance by
kinking along, versus penetration through, the interface. Criteria
are established by exploring the driving forces of effective stress
intensities for the two cracking modes - kinking vs. penetration
- and comparing them with the corresponding resistances for
the first impingement and for subsequent kinking at the tips
of the suture teeth. Two characteristic parameters are proposed
for the interfacial toughnesses in assessing whether a crack may
constantly deflect along an interface. We reveal that the suture
interface provides for interfacial toughening by resisting con-
tinuous crack kinking and promoting crack penetration through
the interface into the skeletal component. Such an effect is pos-
itively correlated with the levels of structural hierarchy and the
sharpness of the sutural tooth geometry. The increased propensity
for “excluding” cracks away from an interface differs from the
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general motif of “capturing” cracks by confining them within a
weak interface, which is effective in toughening inherently brittle
materials. Nevertheless, the inhibition of easy interfacial cracking
and the direction of cracks into tough components by the presence
of the suture interface should be more favorable for enhancing the
fracture resistance of less-brittle materials which are widespread
in nature. This study may aid the understanding of the mechanical
role of naturally-occurring suture interfaces and offer guidance for
designing bioinspired suture structures in man-made systems.
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