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Abstract

Inspired by nature, structured interfaces have been shown to enhance adhe-
sion by trapping crack propagation along the interface. In many applications,
directional adhesion is desired where interface separation along different di-
rections requires different fracture energy. In this work, we numerically in-
vestigate a strategy to attain enhanced and directional adhesion using an
interface that contains asymmetric complementary patterns. Finite element
analyses were performed to calculate the energy release rate at different crack
lengths on the patterned interface, and the results were compared to those for

a flat control. Our results show that the adhesion is stronger on the patterned
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interface and the adhesion enhancement is greater along one direction than
the other, suggesting directional adhesion. Different degrees of directional
adhesion can be achieved by modulating the aspect ratio of the pattern on
the interface without modifying surface chemistry, which bears great poten-
tial in applications where different levels of adhesion and directional adhesion

are desired for different purposes.
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1. Introduction

Adhesion plays important roles in numerous fields. There are examples
in our everyday lives from clothing such as Velcro[l] to office supplies such
as Post-it notes[2|, and examples in engineering across multi-scales such as
robotics[3], soft electronics[4][5] and biomimetic systems[6][7]. Convention-
ally, pressure-sensitive adhesives (PSAs) [8] have been used to achieve strong
adhesion via high viscous dissipation on the interface. However, PSAs ex-
hibit several drawbacks such as low repeatability and sensitivity to surface
roughness. Other more permanent adhesives available in the market may
have undesirable properties such as non-repeatability, requirement for sur-
face chemical modification, and/or toxicity. To overcome the drawbacks of
conventional adhesives, significant work has focused on the design of surface
structure for enhanced and repeatable adhesion.

One way of introducing strong yet repeatable adhesion is inspired from

nature by geckos’ feet. It was shown by Autumn et al.[9] that there are
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thousands of microscopic angled setae on a gecko’s foot (e.g., Tokay gecko).
The tip of each seta branches into hundreds of spatula terminals, leading to
hierarchical fibrillar structures that conform to and form intimate contact
with a wide range of surfaces regardless of their roughness. Several mecha-
nisms have been proposed to contribute to the enhanced adhesion of fibrillar
surfaces compared with unstructured surfaces. Jagota et al.[10] showed that
when a crack propagates on a fibrillar interface, the fibrils previously located
ahead of the crack tip get unloaded and the strain energy stored in these
fibrils is dissipated instead of being released back to the bulk.

Later, Hui et al. [11] showed that an interfacial crack adjacent to fibrillar
structure is blunted when it reaches a fiber, and the concentrated stress
field at the crack tip is redistributed into an equal load sharing zone over a
characteristic length much larger than the diameter of the fiber. Therefore,
the stress concentration at the crack tip is significantly reduced, hindering the
crack propagation. Using a cohesive zone model, Tang et al. [12] quantified
the adhesion enhancement of a fibrillar interface. A dimensionless fiber radius
x was introduced to separate the flaw-sensitive and flaw-insensitive regimes of
interface failure. When x > 0.7, the strength of a fibrillar interface increases
with decreasing x (decreasing fiber radius).

Based on the above understanding, numerous bio-inspired fibrillar sur-
faces have been created and compared with unstructured surfaces. Effects
of fiber diameter, aspect ratio, spacing and tip geometries have been inves-

tigated [13][14][15][16][17]. Among them, Glassmaker et al. [17] discovered



that vertical fibrils with a thin layer of film connecting them can also lead to
enhanced adhesion due to crack-trapping: the periodic microstructure near
the interface results in reduction in the energy release rate G available for
crack propagation; for G to reach the intrinsic work of adhesion, more energy
is required externally and hence the apparent adhesion is enhanced.

While the above works investigated the adhesion between a structured
surface and a smooth surface, there have also been studies where structural
modification was done on both sides of the interface, e.g., using complemen-
tary surfaces. One inherent advantage associated with such an interface is
that the adhesion is highly selective: only when the upper and lower surfaces
have complementary patterns and are well aligned can enhanced adhesion
be achieved during the separation. Shilpi et al. [18] conducted experiments
to measure the adhesion between two PDMS sheets that contain comple-
mentary rippled structures described by a sinusoidal function. During the
experiments, the two sheets were first pushed together and then separated
by inserting a wedge into the interface. A separate finite element(FE) model
with the same dimensions as the actual sample was created to evaluate the
energy release rate at the crack tip as it propagates through the interface.
The FE model is subjected to a uniform displacement along the top edge
to mimic a mode I loading. The FE results indicated that the energy re-
lease rate GG is reduced when the crack tip moves in directions other than
horizontal, and periodically undulates with the apparent crack tip location.

The ratio between the local minima of G on a rippled interface and G in a



flat control is calculated at the same apparent crack tip location. Then the
adhesion enhancement in the rippled interface was assessed by the inverse of
this ratio. The adhesion is enhanced due to the same crack trapping mecha-
nism as mentioned in Glassmaker et al. [17], and was shown to increase with
increasing amplitude of the ripple.

Later, Singh et al.[19] investigated the adhesion in a PDMS interface
with complementary pillars and channels. Similar to the study of the rippled
interface [18], a FE model was created to evaluate the energy release rate
at the crack tip, when the sample was subjected to a uniform displacement
on the top. The FE results showed that the adhesion enhancement for the
pillar/channel interface is approximately 5 times and is independent of the
pillar height.

In many engineering applications, directional adhesion is desired where
interface separation along different directions requires different fracture en-
ergy. One such example is climbing robot (stickybot, [3]), which needs strong
adhesion to stick its feet on vertical surfaces and weak adhesion to detach
the feet while walking. The directional adhesion in stickybot was enabled
by angled polymer fibrils on its feet pad: when loaded against the preferred
direction, the structure exhibits friction with no adhesion; when loaded in
the preferred direction, the structure exhibits adhesion in both normal and
shear directions. Another potential application of directional adhesion is in
the recycling of spent lithium-ion batteries, which can provide significant

economic and environmental benefits. Although diverse process chains have



been applied to recycle batteries, a critical issue for the recycling of battery
electrodes is the separation of the current collector from the composite film.
Since the delamination between the current collector and the composite film
often causes battery failure, many strategies have been developed to increase
the interfacial adhesion between them [20][21][22]. Those techniques indeed
lead to enhanced battery lifetime, but they make the battery recycling more
challenging. It is desirable to have an interface between the current collector
and the composite film which displays directional adhesion, i.e., significantly
enhanced adhesion can be obtained during its lifetime to combat delamina-
tion, whereas during recycling, the composite film can be easily peeled off
from the current collector along a certain direction. While angled fibrils in
stickybot can produce directional adhesion, they also reduce the contact area
and create some cavities in the bulk material near the interface, which is not
desirable for some applications such as lithium-ion battery. Furthermore,
there are other issues related to fibrils such as the collapse and adhesion
between them, which weakens interface adhesion. In this paper, we explore
another strategy to induce enhanced and directional adhesion, motivated by
the adhesion enhancement of complementary patterned interfaces. In the
works by Shilpi et al. [18] and Singh et al. [19], no directional adhesion is ex-
pected as the interface patterns used are symmetric, i.e., there is no difference
for the crack to propagate from the two opposite directions. In this work,
the above symmetric interface patterns are replaced by asymmetric triangles

separated by flat regions, which are expected to lead to different adhesion



enhancements along different separation directions. Through an in-depth
numerical investigation and detailed parametric study, we not only demon-
strate the feasibility of generating directional adhesion using the proposed
interface, but also provide mechanistic understanding and design suggestions
on the function of such interface.

The rest of the paper is organized as follows. Section 2 presents details
about the geometry studied and FE modelling. In Section 3, FE results for
asymmetric complementary interfaces under different loading conditions are
discussed, to investigate directional adhesion. Section 4.1 discusses the mod-
ulation of directional adhesion by adjusting the pattern geometry. Finally,

conclusions are given in Section 5.

2. Finite element models

The commercial package ABAQUS was used for the finite element analy-
sis(FEA). Figure 1 shows the schematic of a patterned interface model that
contains right triangles separated by flat regions. A completely flat inter-
face model (not shown) serves as a control which also has the same apparent
length (L) and thickness (2H) as shown in Figure 1(a).

Because the triangular pattern is asymmetric, two opposite crack sepa-
ration directions are examined. As the crack propagates from left to right
(direction 1), it travels upwards along the vertical side of the triangle, and
then downwards along the hypotenuse. As it propagates from right to left

(direction 2), it travels upwards along the hypotenuse, and then downwards



along the vertical side. Along each direction, there is a flat region (length I,
shown in Figure 1(b)) before the separation of the patterned region. Figure
1(b) also illustrates the first three “kinks” in the patterned region where the
crack propagation changes direction. They are denoted by A, B and C' based
on the sequence in which they are accessed by the crack tip. Subscripts 1
and 2 are used to denote different directions, for example A; corresponds to
the first “kink” accessed by the crack tip when the crack is extended along
direction 1.

Three types of loading conditions and associated boundary conditions
are applied, as shown in Figure 1. In the first case (Figure 1(a) for crack
propagation along direction 1), hereafter referred to as the pulling condi-
tion, the top boundary is subjected to a uniformly distributed displacement
0 while the bottom edge is fixed in a “frictionless” manner. In the second
case (Figure 1(b) for crack propagation along direction 1), hereafter referred
to as the symmetric peeling condition, the first few nodes on the top and
bottom edges are subjected to the uniform displacement §. In the third case
(Figure 1(c) for crack propagation along direction 1), hereafter referred to as
the asymmetric peeling condition, the first few nodes on the top boundary
is subjected to displacement ¢ and the bottom edge is constrained in a “fric-
tionless” manner. The pulling condition mimicks the work of Shilpi [18] and
Singh [19], while the two peeling conditions allow for additional investigation
on how loading condition affects directional adhesion. Figure 1(d) shows how

the displacement ¢ changes with numerical step n. From 0 to ng, § increases



linearly. After n = mg, § remains constant (09 = 1 mm). As will be seen
later, to evaluate the adhesion enhancement the energy release rate for the
patterned interface will be normalized by that of a flat interface under the
same applied displacement. So the results are insensitive to the actual value
of dy.

Each model consists of one upper part (above the interface) and one lower
part (below the interface), which form frictionless and hard contact pairs.
As well, the upper and lower interfacial surfaces contain the same number of
nodes, and all the paired nodes along the interface are initially “tied” from
steps 0 to ng. After ng, a crack propagation is mimicked by nodal release,
where the paired nodes are released from the tie constraint step by step. In
this fashion, the length of the crack is extended in the direction along which
the tied nodes are released. During each numerical step n(> ng), the strain
energy for the entire model U, is recorded, and the strain energy release rate

G is calculated by:

(1)

a—
where a,, referred to as the actual crack tip location at step n, is the total
distance along the separated surfaces from A; in Figure 1(b) to the crack tip.

The material used for the FE models is polydimethylsiloxane(PDMS),
modeled as an incompressible Neo-Hookean hyperelastic material. The strain
energy density for incompressible Neo-Hookean material is given by U =

Cio(I1 — 3), where I; is the first strain invariant of the left Cauchy-Green



deformation tensor. The value of coefficient Cjy is obtained from an ex-
perimental work that measured the mechanical properties of PDMS[23],
Cho = 0.0705M Pa. Quad-dominated mesh scheme and plane stress elements

are applied to all models.
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Figure 1: The three types of loading and boundary conditions applied to the FE models:
(a) pulling, (b) symmetric peeling and (c) asymmetric peeling. (d) shows how the dis-
placement 0 changes with numerical step n. To clearly show the definition of geometric
parameters, the patterns are not drawn to scale.

3. Directional adhesion with asymmetric interface

The purpose of this section is to investigate whether the adhesion is en-

hanced by the patterned interface compared with a flat one, and whether the
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enhancement is different along different directions. Thus, geometrical pa-
rameters are fixed as: H/l =3.5,0 =%, s/L =0.09 and L/H = 15.6 (refer
to Figure 1 for their definitions), while two opposite crack separation direc-
tions are examined. To mimick a thin layer of adhesives, the lateral length
(L) of the sample is set to be much larger than the thickness H as well as
the dimensions of the triangular teeth. The results under pulling condition
will be presented first, followed by those under symmetric and asymmetric

peeling conditions.

3.1. Pulling

Figure S1 (Supplementary Material) shows the schematics of the interface
under pulling as the crack propagates from left to right (pulling direction 1)
and from right to left (pulling direction 2). Energy release rate on the pat-
terned interface (Gpqitern) and that on the flat interface (G jqt) are calculated
by gradually releasing the “tied” nodes. Figure 2 shows Gpaiern and Giia
versus the normalized actual crack location a/)\, along pulling direction 1.

Aq 18 defined as A\, = h + + s, which represents the actual length of the

L
cos(0)
interface in each period of the pattern (see Figure 1(c)). Since the projection
of any points along the vertical path from A; to By (see Figure 1(b)) onto
the flat interface is a single point, in this region, a/\, increases but G4 is
constant, as shown in the enlarged inset of Figure 2. As can be seen in Fig-

ure 2, before the crack reaches the pattern the interface is flat and Gpattern

is identical to Giq. It then deviates from G, and shows discontinuity
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when the crack propagation changes direction in the patterned region. In
the flat region between the triangles, Gpattern, and G fiq: have close values, but
are not identical. In the triangular region, Gpgiern can become significant
smaller than G ¢4 If the crack in the flat control propagates in a quasi-static
manner, i.e., G = Wyq (the intrinsic work of adhesion of the interface),
Figure 2 suggests that the pattern has led to smaller Gpger, compared to
G fiat(= Waa), hence the crack is trapped. For the crack to further propagate,
more energy input is required for the local minima of Gpgiern to reach W,

and the apparent adhesion is enhanced.
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Figure 2: Gpattern and Gyiqe versus the normalized actual crack tip location a/\, for
pulling direction 1. The inset shows the enlarged plot of the boxed region.

To compare Gpatrern and G in more detail, it is convenient to intro-

Gpatte'rn

duce an energy release rate ratio, R = =% Results for the two pulling

flat
directions are shown in the left and right panels of Figure 3, respectively.
The color grey is used to highlight regions where R > 1, while blue is used to

highlight regions with R < 1. Figure 3(a) and (b) show the schematics of the
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interface as the crack propagates in pulling directions 1 and 2. Figure 3(c)
and (d) show how R changes with the normalized apparent crack tip loca-
tion z/\,. Here z is the apparent crack tip location defined as the projected
length of the interface onto the horizontal direction measured from point A;
in Figure 1(b) to the crack tip. A, is defined as A, = [ + s, representing the
apparent or horizontally projected length of the interface in each period of
the pattern. Figure 3(e) and (f) show the enlarged plots of the boxed regions
in (c) and (d), but re-plotted against the normalized actual crack tip location
a/N,. The superscript “~” is used to denote the location just prior to the
“kinks” in the pattern. For example, B; refers to the location one node prior
to Bj.

In the case of pulling direction 1 shown in the left panel of Figure 3, from
the leftmost end to A; the crack is horizontal and R is equal to 1. Between
A7 and A;, R experiences an abrupt decrease from 1 to 0.45. From A, to By,
the crack surface is vertical (vertical-up) and R decreases further from 0.45
to 0.17. Between B; and Bj, R slightly increases from 0.17 to 0.23. From
By to C7, the crack surface has an angle of 30° below horizontal (ramping-
down) and R increases from 0.23 to a plateau value of 0.81. Between C|
and C1, R slightly increases from 0.81 to 0.94. From C} in 0 < z/X\, < 1
to A7 in 1 < x/A\, < 2 (the first kink in the second period of the pattern;
the same notation will be used hereafter), the crack surface is flat again; R
first increases from 0.94 to 1.02 and then decreases to 1. From 0 < z/)\, <1

to /X, > 4, the R curve shows periodic pattern but with variations in the
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Figure 3: Energy release rate ratio R for the two different pulling directions, left panel:
pulling direction 1; right panel: pulling direction 2. (a) and (b) are schematics of the
interface. (c) and (d) are R versus the normalized apparent crack tip location x/X;. (e)
and (f) are R versus the normalized actual crack tip location a/\, for the boxed regions
in (c¢) and (d) respectively.
R, values.

In the case of pulling direction 2 shown in the right panel of Figure 3,
from the rightmost end to A, the crack surface is horizontal and R is equal
to 1. Between A, and A,, R slightly decreases from 1 to 0.90. From A, to

By, the crack surface has an angle of 30° above horizontal (ramping-up) and

R decreases to a plateau value of 0.80. Between B, and B, R experiences
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an abrupt decrease from 0.80 to 0.33. From B; to 5, the crack surface is
vertical (vertical-down) and R decreases from 0.33 to 0.19. Between C; and
Cy, R slightly increases from 0.19 to 0.33. From C5 to A5 in 3 < z/\, < 4,
the crack surface is flat; R increases from 0.33 to 1 and remains at this value.
From x/A, > 4 to 0 < /A, < 1, the R curve shows periodic pattern but
with slight variations in the R,,;, values.

Several similarities can be observed between the results from the two
pulling directions. Firstly, R curves show discontinuities at “kinks” where
the crack propagation changes direction. Secondly, R in the first flat region is
constant and equal to 1. In later periods it deviates from 1 in the triangular
regions but approaches 1 as the crack tip moves away from the “kinks”.
Despite the above similarities, several differences can be observed. Firstly,
the local minima of R (R,,;,) occurs at different locations along the two
directions. R,,;, for pulling direction 1 occur in the vicinity of kink B; while
those for pulling direction 2 occur in the vicinity of kink Cy, as Figure 4(a)
illustrates. Secondly, there is a small quantitative difference in the R,,;,
values. R,,;, varies in the range of 0.16 to 0.17 for pulling direction 1 and
in the range of 0.19 to 0.20 for pulling direction 2. Because R,,;, correspond
to the maximum reduction in Gpgsern, Wwhen the patterned interface is under
the same loading as the flat interface, an adhesion enhancement factor can

be defined as:

1

Rmin ’

in the patterned region

F= 2)

1, otherwise
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which is a measure of how much the adhesion is enhanced compared to a flat
interface. Figure 4(b) shows the adhesion enhancement factor F' calculated
by Eqn.(2) for the two pulling directions. F' for pulling direction 1 ranges
from 5.8 to 6.0 while that for pulling direction 2 varies between 5.0 and 5.2,
indicating weak directional adhesion. The variation of F' with the apparent
crack tip location is small for each direction because of the periodic R,
curves.
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Figure 4: (a) Rin for pulling directions 1 and 2, plotted against the normalized apparent
crack tip location where R;,;, occurs. (b) Adhesion enhancement factor F' for pulling
directions 1 and 2, plotted against the normalized apparent crack tip location where R,,;,
occurs.

An approximate analytical solution to the adhesion enhancement in a
patterned interface under pulling was proposed by Shilpi [18] and Singh [19]
as I = [cos(®me=)]™* where Qunqe 18 the maximum tangential angle of the

interface. If this equation were used for the pattern considered here, F
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would be predicted to be 1/ cos?(%zee) = 1/ cos?(2) = 4 where 0,0, = 90°
is the angle between the future crack surface and the horizontal direction at
locations where R,,;, occurs. However, F' shown in Figure 4(b) is higher along
both pulling directions. The deviation is caused by two strong assumptions
upon which the analytical solution was derived: 1) the crack is embedded
in an infinite body and 2) the surface before the crack tip is horizontal. In
our case, however, the model is of finite size and as the crack propagates
its length can become comparable to the apparent length of the sample. In
addition, the surface before the crack tip locations where R,,;, occurs is not
horizontal (vertical from A; to B; along direction 1 and slanted from A, to

B, along direction 2).

3.2. Symmetric peeling

Figure S2 (Supplementary Material) shows the schematics of the interface
under symmetric peeling as the crack propagates from left to right (peeling
direction 1) and from right to left (peeling direction 2). Figure 5 shows
Glpattern and G fiqp versus the normalized actual crack tip location a/A,. Sim-
ilar to Figure 2, before the crack reaches the pattern the interface is flat and
Gpattern 1s identical to Gpqe. It then deviates from G 4 and shows disconti-
nuity when the crack reaches the patterned region and changes propagation
direction. In the flat region between the triangles, Gpatern is close to G
but not identical. In the triangle regions, Gpaern can become significantly

smaller than Gy, thus the apparent adhesion is enhanced due to crack-
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trapping. Ome big difference from Figure 2 is that both Gpatern and G fiq

show an overall decreasing trend at large a/)\,, which is not observed in

Figure 2.
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Figure 5 Gpattern and G jq¢ versus the normalized actual crack tip location a/A, under
symmetric peeling for peeling direction 1.

The R curves for the two peeling directions are shown in the left and right
panels of Figure 6, respectively. Figure 6(a) and (b) show the schematics of
the interface as the crack propagates in peeling directions 1 and 2. Figure
6(c) and (d) show how R changes with the normalized apparent crack tip
location x/\,. Figure 6(e) and (f) show the enlarged plots of the boxed
regions in (c¢) and (d), but re-plotted against the normalized actual crack tip
location a/\,.

In the case of peeling direction 1 shown in the left panel of Figure 6, from
the leftmost end to A; the crack is horizontal and R is equal to 1. Between
A7 and A;, R experiences an abrupt decrease from 1 to 0.42. From A; to

By, the crack surface is vertical (vertical-up) and R increases from 0.42 to
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Figure 6: Energy release rate ratio R for the two different symmetric peeling directions,
left panel: peeling direction 1; right panel: peeling direction 2.(a) and (b) are schematics
of the interface. (c) and (d) are R versus the normalized apparent crack tip location z/A,.
(e) and (f) are enlarged regions in (c) and (d), versus the normalized actual crack tip
location a/\,.
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1.22. Between B; and B, R suddenly decreases from 1.22 to 0.33 and then
further decreases to a local minimum 0.25 as the crack propagates by a few
crack lengths. From the local minimum location to C ', the crack surface has
an angle of 30° below horizontal (ramping-down) and R increases from 0.25
to 0.81. Between C] and C, R slightly increases from 0.81 to 0.82. From
Ciin0<xz/A <1ltoA] inl < x/A\, <2, the crack surface is flat again yet
R is not constant, instead it increases from 0.82 to a plateau value of 0.95.
From 0 < /A, <1 to /A, > 4, the R curve shows periodic pattern but its
magnitude varies from one period to another.

In the case of peeling direction 2 shown in the right panel of Figure 6,
from the rightmost end to A5, the crack surface is horizontal and R is equal
to 1. Between A, and A,, R slightly decreases from 1 to 0.92. From A, to
By, the crack surface has an angle of 30° above horizontal (ramping-up) and
R increases from 0.92 to 1.30. Between B, and Bs, R experiences an abrupt
decrease from 1.30 to 0.09 and then further decreases to a local minimum
0.05 as the crack propagate by a few crack lengths. From the local minimum
location to Cy , the crack surface is vertical (vertical-down) and R increases
from 0.05 to 0.49. Between C and Cs, R slightly decreases from 0.49 to 0.44.
From C5 to A5 in 3 < /A, < 4, the crack surface is flat while R increases
from 0.44 to a plateau value of 0.93. From z/\, >4 to 0 < z/A\, < 1, the R
curve shows periodic pattern but variations in its magnitude.

There are clear similarities between the results from the two peeling di-

rections. For both peeling directions the R curves show discontinuities at
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’kinks” where the crack propagation changes direction. While R in the first
flat region is constant and equal to 1, this does not hold in later flat regions.
Lastly, Figure 7(a) shows R,,;, during each period versus x/\, where R,
occurs. As can be seen, R,,;, always occurs in the vicinity of kink B regard-
less of the peeling directions. Despite these qualitative similarities, there is
substantial difference in the R,,;, values. R,,;, for peeling direction 1 varies
in the range of 0.25 to 0.26 while R,,;, for peeling direction 2 varies in the
range of 0.04 to 0.05. Using Eqn.(2), F for the two peeling directions are
calculated and plotted in Figure 7(b) against x/\, where R, occurs. In
the flat regions before the patterned region, I’ is equal to 1 along both di-
rections. In the patterned region F' is in the range of 3.8 to 4.0 for peeling
direction 1 and 21.0 to 26.0 for peeling direction 2, indicating strong direc-
tional adhesion. The adhesion enhancement factor for peeling direction 2 is
approximately 6 times higher than that for peeling direction 1. In addition,
F' for peeling direction 2 have a much greater variation with respect to the
normalized crack tip location.

To explain the directional adhesion, we carefully investigated the regions
in the vicinity of kink B in the first period where R,,;, occur. In Figure 8(a),
the crack tip is considered to be at B; and to be propagated to Bi" along
direction 1. Here, the superscript “+” is used to denote the location just
after the kink’ in the pattern, i.e., B]" refers to the location one node after
Bj. The corresponding scenario for direction 2 is shown in Figure 8(b).

Figure 8(a) also shows the upper and lower surfaces ahead of B, denoted
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Figure 7: (a) Ryin for symmetric peeling directions 1 and 2, plotted against the normalized
apparent crack tip location where R,,;, occurs. (b) Adhesion enhancement factor F' for
symmetric peeling directions 1 and 2, plotted against the normalized apparent crack tip
location where R,,;, occurs.
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Figure 8: Schematics of the two surfaces when the crack tips are at By and By to be
propagated to Bfr and B2+ , respectively for peeling directions 1 and 2.

by S% and S!; respectively where the subscript rd indicates the ramping-
down portion of the pattern. A coordinate system 1—( is introduced as shown

with its origin at the bottom of the vertical-up surface. Then the following
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auxiliary simulations (Cases-1a,1b and 1c) were performed to investigate the
deformation of S¥ and S!, under several loading conditions.

Case-1a: The displacement § in Figure S2(a) is only applied to the top edge
while the bottom edge is fixed. The crack tip is allowed to propagate from
B to By .

Case-1b: § in Figure S2(a) is only applied to the bottom edge while the top
edge is fixed. The crack tip is allowed to propagate from B; to Bj .
Case-1c: ¢ in Figure S2(a) is applied to both top and bottom edges. The
crack is allowed to propagate from B; to B;. It returns to the problem of
symmetric peeling.

The deformed S¥ and S!; are shown in Figure 9 for the three cases,
along with their undeformed shape for comparison. Regions near the crack
tips in the three cases are enlarged on the right. For Case-1a, peeling the
upper part alone causes S, to deform toward the top-right direction, i.e.
away from S';. Hence, a separation at the crack tip is introduced. Similarly,
peeling the lower part alone causes S'; to deform toward the bottom-left
direction, away from S}, leading to a separation at the crack tip in Case-1b.
Since individual peeling of the upper and lower parts both open up the crack
at Bi", in Case-1c the two effects combine to drive larger opening of the crack.
The contribution from individually peeling the upper surface is greater than
individually peeling the lower surface, evidenced by the much larger crack
opening in Case-la compared with Case-1b. It should be pointed out that

in Case-1c, one point on the right boundary of the sample is fixed to prevent
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rigid body translation (see Figure 1(b)), whereas in Case-la and Case-1b,
the entire bottom or top edge of the model is fixed in the vertical direction
(see Figure 1(c) for Case-la). As a result, the model is less constrained in
Case-1c, and slight rigid body rotation can occur when the crack propagates
in the asymmetrically patterned region where the upper and lower parts have
locally unequaled thicknesses. This is why the deformed surface in Case-1c

as seen in Figure 9 is located below both Case-1a and Case-1b.
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Figure 9: Deformed and undeformed S*, and S!; in Case-1a, 1b and lc. Regions near the
crack tips for the three cases are enlarged on the right. Note that the deformation of the
tooth is small, and the undeformed S, and S'; almost overlap with the deformed shape
for Case-1a in the left figure.

Figure 8(b) shows the upper and lower surfaces ahead of By in the unde-
formed state for peeling direction 2. S, and S!; are used to denote the upper
and lower surfaces ahead of the crack tip, along the vertical-down portion of
the pattern. Similarly to Figure 8(a), coordinate system n — ( is introduced

with its origin at the bottom end of S,4. We again performed auxiliary sim-
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ulations (Cases-2a, 2b and 2¢) to investigate the deformation of S%, and S!
under several loading conditions.

Case-2a: § in Figure S2(b) is only applied to the top edge while the bottom
edge is fixed.

Case-2b: § in Figure S2(b) is only applied to the bottom edge while the top
edge is fixed.

Case-2c: ¢ in Figure S2(b) is applied to both top and bottom edges.

In each case, the crack tip is allowed to propagate from By to By , and Case-2c
returns to the problem of symmetric peeling.

The deformed S¥, and S!, are shown in Figure 10 for the three cases,
along with their undeformed shape for comparison. Regions near the crack
tips in the three cases are enlarged on the right. For Case-2a, peeling the
upper part causes S%, to deform to the right, i.e. towards S!;. The triangular
tooth adjacent to S, then plays a role of resisting the deformation of SY,.
As a result, the crack between S%, and S!, is “closed”. The crack closing
is associated with slight material interpenetration, as can be seen from the
enlarged Case-2a result in Figure 10, since the surfaces in the FE model are
defined to be in hard contact with a stiffness penalty function. This numeri-
cal treatment allows for finite interpenetration under significant compressive
contact. In Case-2b, peeling the lower part causes S!; to deform to the right,
away from S}, and opening the crack. Unlike peeling direction 1, along peel-
ing direction 2 loadings on the upper and lower parts have opposite effects

on crack propagation. Consequently, when both parts are peeled in Case-2c,
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the two effects compete leading to an overall small crack opening. Similar
to Figure 9, the deformed surface in Case-2c is below Case-2a and Case-2b

in Figure 10, because of the stronger boundary constraint in the latter two

cases.
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Figure 10: Deformed and undeformed S¥; and S!, in Case-2a, 2b and 2c. Regions near

the crack tips for the three cases are enlarged on the right. Compare to Figure 9, the
deformation of the tooth is much more significant.

In summary, when the crack tip reaches the vicinity of kink B from dif-
ferent directions, peeling the upper or lower parts play different roles in the
crack propagation: along direction 1, peeling upper and lower parts both
contribute to crack propagation; along direction 2, peeling the lower part
contributes to crack propagation whereas peeling the upper part contributes
to crack trapping. The above analysis qualitatively explains why the R,
value in the vicinity of B is higher (or F' is lower) along direction 1 than

along direction 2. A quantitative evaluation of the stress field ahead of the
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crack tip is also conducted for the two peeling directions and the details are

given in Section S2 (Supplementary Material).

3.8. Asymmetric peeling

Figure S3 shows the schematics of the interface under asymmetric peeling,
by fixing the bottom and peeling the top edge, the crack propagates from
left to right (peeling direction 1) or from right to left (peeling direction 2);
by fixing the top and peeling the bottom edge, the crack propagates from
left to right (peeling direction 3) or from right to left (peeling direction 4).

The R curves for the four peeling directions are shown in Figures S5 and
S6. The R curves for peeling directions 1 and 4 show periodic patterns, but
those for peeling directions 2 and 3 exhibit an ascending trend with increasing
crack length. Such trend is due to the relaxation of significant compressive
contact between the teeth of the upper and lower surfaces behind the crack
tip as the crack lengthens. The detailed discussion can be found in Section
S3 and here we focus on R,,;, and the adhesion enhancement.

As Figures 11(a) and (b) show, R, for peeling direction 1 always occur
in the vicinity of kink C' while those for the other 3 peeling directions occur
in the vicinity of kink B (contrary to symmetric peeling where R,,;, for both
peeling directions occur at the same location, see Figure 7(a)). As well, there
are substantial differences in the R, values. The adhesion enhancement
factor F' for the four peeling directions are shown in Figure 11(c) and (d). F’

for peeling direction 1 varies from 2.8 to 3.3 while that for peeling direction
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Figure 11: R,,;;, for asymmetric peeling directions (a) 1 and 2 (b) 3 and 4, plotted against
the normalized apparent crack tip location where R,,;, occurs. F' for asymmetric peeling
directions (¢) 1 and 2 (d) 3 and 4, plotted against the normalized apparent crack tip
location where R,,;, occurs.

2 varies in the large range of 5.0 to 312; F' for peeling direction 3 varies from
2.5 to 70 while the range for peeling direction 4 is narrow, from 3.0 to 3.1.
The results indicate that strong directional adhesion is achieved via different

asymmetric peeling directions. Particularly, F' for peeling directions 2 and 3
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can reach remarkable values in the first period, although the values decrease
with crack length and can eventually become comparable to or even lower
than those in peeling directions 1 and 4. By contrast, F' for peeling directions
1 and 4 are fairly low but steady as the crack tips propagate through the

entire interface.

4. Discussion

4.1. Modulating directional adhesion with geometry

Having observed remarkable directional adhesion induced by the trian-
gular patterned interface under peeling, we now investigate the effects of
geometrical parameters on the adhesion enhancement and directional adhe-
sion. Two non-dimensional ratios are chosen for this study: H/l and h/I.
H /I represents the size of the bulk material relative to the pattern while h/l
captures the influence of angle 0 since tan(f) = h/l (Figure 1(c)). Models
with different H/l and 6 values are simulated by varying H and h as shown in
Table 1, while keeping other geometrical parameters the same as in Section
3. Symmetric peeling as defined in Figure 1(b) is applied in all cases, and

both peeling directions 1 and 2 are considered.

Table 1: Parameters for investigating the effect of H/I and 6.

parameter value
H/l 35 4 45 5
0(°) 20 25 30 35
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Figure 12(a) shows F' versus x/)\, where R,,;, occurs, for different H/I
while fixing 8 = 30°. F for peeling direction 1 is generally lower than that for
peeling direction 2, and it is insensitive to the change of H/l in this peeling
direction. The slight increases in F' along direction 1 as H/l increases can
be seen from the enlarged inset in Figure 12(a). On the other hand, there
is a notable decrease in F' with increasing H/I if the crack propagates along
direction 2. As a result, directional adhesion becomes weaker with increasing
H/l. For example, at /), = 4, F for peeling direction 2 is ~ 6 times higher
for H/l = 3.5 but ~ 4 times higher for H/l = 5.
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Figure 12: Adhesion enhancement factor F' plotted against the normalized apparent crack
tip locations where R,,;, occurs by (a) varying H/l and fixing 6 = 30°; (b) varying 6 and
fixing H/l = 3.5. The insets plot enlarged region for F' along direction 1.

The observation in Figure 12(a) can be understood by partitioning the

model into “bulk” and “interface” regions (see Figure S9 in Supplementary

Material). Strain energies for the two regions are computed separately to
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evaluate their contribution to G and consequently R,.;,. Along direction 1,
as H/l increases the contribution to R,,;, by the interface decreases whereas
the contribution by the bulk increases because the volume fraction of the
bulk increases. The changes in the contribution to R,,;, by the bulk and
interface are of similar magnitude, which, together with the opposite trends,
lead to the insensitivity of F' to H/l along direction 1. Along direction 2, the
contribution to R,,;, by the interface and bulk also vary with H/l in the same
qualitative manner. However, the bulk contribution has larger variation with
H/l. Consequently, R,,;, follows the same trend as the bulk contribution,
i.e., increasing with H/l, and F' in turn decreases with H/l. In addition,
the contribution by the bulk has positive values and that by the interface
has negative values, indicating more strain energy stored in the interface as
crack propagates (Figure S10(b) in Supplementary Material). This is due to
the large deformation that takes place at the triangular teeth when the crack
tip reaches the vicinity of kink B, which is insignificant along direction 1
but significant along direction 2. The negative contribution by the interface

also leads to the smaller magnitude of R,,;, and hence more sensitivity of

F(= R:”_n) to H/l. More detailed discussion can be found in Section S3 in
Supplementary Material.

Figure 12(b) shows F' versus z/\, where R,,;, occurs, for different 6 while
fixing H/l = 3.5. Again, F' for peeling direction 1 is generally lower than that

for peeling direction 2. Besides, F' for both peeling directions increase with

increasing 0, with a stronger dependence of F' on 6 along peeling direction
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2. As a result, directional adhesion becomes stronger as 6 increases. For
example, at /A, = 0, F for peeling direction 2 is approximately 4.1 time
higher for § = 20° and 7.5 times higher for § = 35°.

To explain the above observations in Figure 12(b), we carefully inves-
tigated the regions in the vicinity of B in the first period when the crack
tips are at B; and By, and about to propagate to Bf” and By, respectively
for peeling directions 1 and 2 (see Figure 8 for the definitions of points B;
and By). Similar to Section 3.2, three auxiliary simulations are performed
to investigate the deformation of the upper and lower surfaces under three
loading conditions: peeling only the top surface, only the bottom surface,
and both. For direction 1, it was discussed in Section 3.2 that the dom-
inant contribution to crack propagation is by peeling the upper part. As
0 increases, this contribution reduces, evidenced by the reduction in crack
opening as shown in Figure S11 (Supplementary Material). This leads to the
reduction in Gpasern When crack tip reaches B* under symmetric peeling.
The same observations are made for peeling direction 2, where the dominant
contribution, from peeling the lower part, decreases as 6 increases (see Figure
S12 in Supplementary Material). In addition, the magnitude of Gpastern is
smaller along direction 2 (see Figure S13 in Supplementary Material), giving
rise to the more sensitivity of F' to 6 since F' = 1/ Rynin = (G fiat/ Gpattern)min-

Design principles to produce strong directional adhesion can be generated
from a systematic parametric study. While the parameter space varies largely

from one application to another, here we provide a demonstration of how to
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use FEA to make design suggestions. Triangular interface model as shown in
Figure 1 is subjected to symmetric peeling from directions 1 and 2. Four H/I
and four 0 values (Table 1) are used to create 16 cases simulated in FEA. For
each case and along each direction, the adhesion enhancement factor F' can
vary with the apparent crack tip location where R,,;, occurs (see for example
Figure 12), so the average value of F is calculated and denoted by Fiyg dir1
and Fj,g qiro Tespectively for direction 1 and direction 2. The 16 values of
Fovgdir1 allow us to generate a contour plot, shown in Figure 13(a), with 6
and H/l being the two variables. Liner interpolation was used to smoothen
the contour. Similar contours are given in Figure 13(b) for Fi,g4ir2 and in
Figure 13(c) for the ratio Fuygdir2/Fuvg.dir1, the latter being an indicator for
directional adhesion.

Upon examining Figure 13(a), Fyyg4ir1 varies in the range of 2.8 to 5.2,
is sensitive to # but insensitive to H/l. In Figure 13(b), F,yg4ir2 varies in
the range of 9.0 to 36.0, and is sensitive to both H/l and 6, i.e., it increases
with increasing 6 or decreasing H/I. Besides, the dependence of Fy4 gira 01
H/l is stronger for taller teeth (larger 6). Because Fig 4ir1 and Fiyg gire sShow
different sensitivities to § and H/I, it is possible to tune directional adhesion
by modulating the two parameters. As can be seen in Figure 13(c), a strong
directional adhesion, i.e., large Fiug dir2/ Favg.dir1 T€quires a combinations of
higher § and lower H/I. One can also change Fj,q 42 While maintaining

Fovg.dir1 by keeping 6 constant and varying H/I.

33



4.2. Applicability of results

In our FEA, several assumptions have been made on the material property
and loading conditions. Here we discuss how the results might be different if
some of the assumptions were changed. Firstly, we expect the results to be
qualitatively similar if the material is linearly elastic instead of hyperelastic.
For materials with additional dissipation mechanisms, e.g., elastic-plastic,
viscous-elastic, or tough elastomer and hydrogel with damage mechanisms
[24][25][26], higher adhesion enhancement is expected due to the dissipation
in the bulk material. Whether directional adhesion is stronger or weaker
than the case of elastic material is a more complex question, due to the
potential synergistic effect of crack-trapping and bulk dissipation. While
such a question can be answered by future simulations, it is more desirable to
minimize bulk dissipation for the design of interface with directional adhesion
to achieve better repeatability.

Secondly, we applied displacement control in our simulations. Several
differences can be expected if load control were applied instead. As can be
seen from the results earlier, along the patterned interface, the energy release
rate G undergoes many non-monotonic changes. When G is blow the intrinsic
work of adhesion, the crack is trapped, and when it is above the intrinsic work
of adhesion, the crack will propagate in an unstable fashion under the load
control. Therefore, stick-slip behavior will be more prominent under load
control. In terms of adhesion enhancement compared with a flat interface,

results under symmetric peeling may not be influenced much by the change
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from displacement to load control. However, in Section S3 it is discussed that
under asymmetric peeling with displacement control, the compressive contact
between the surfaces leads to the strain energy near the interface being stored
and then released at a larger crack length, giving rise to the descending trend
in adhesion enhancement with increasing crack length. Applying a fixed
load condition can possibly remove the compressive contract, and hence the
decreasing trend in adhesion enhancement. In practice, a 90° peeling test is
commonly applied to measure adhesion [27], which can also lead to the lack
of compressive contact between the surfaces. Loading conditions such as 90°
peeling are typically associated with large displacement and hence numerical
complications, which require more investigations in the future.

Furthermore, our FE simulations were performed by assuming plane stress.
A separate FE simulation is performed with the same geometry and loading
conditions as in Section 3.2, but using the plane strain assumption. The
results are shown in Figure S14 (Supplementary Material), along with those
using the plane stress assumption for comparison. The results are simi-
lar both qualitatively and quantitatively, indicating the insensitivity to the
choice of plane stress or plane strain assumptions.

In addition, all analyses in this work are two dimensional. It is of interest
to consider a three-dimensional extension of the problem where the upper
and lower surfaces contain repeating prismatic versions of the triangles. The
problem is certainly more complicated, since in some previous works fingering

instability at the crack front has been reported [27][28][29], which can affect
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the adhesion enhancement. Synthesis of such an interface may also pose a
challenge, but it is a very interesting direction to pursue in the future.
Finally, our proposed interface contains only right triangles. We focused
on this interfacial feature because it is effective in generating directional
adhesion and would be easiest to fabricate in practice. Other triangular
geometries can also be considered, but there may be difficulties in fabrication
and/or other issues. For instance, if the right angle in our triangles were
replaced by an obtuse angle, there would be significant crack-trapping when
the crack propagates along direction 2 and possibly cohesive failure in the
bulk material. Conversely if the right angle were replaced by an acute angle,
we would expect smaller difference between adhesion along the two directions,

i.e., weaker directional adhesion.
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Figure 13: Contour plots for (a) the average adhesion enhancement factor along direction
1, Favg,dir1 (b) corresponding value along direction 2, Fyyg dir2 and (¢) Faug,dir2/Favg,dir1-
Each contour plot is generated with 6 and H/I being the two variables.
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5. Conclusion

In this work, the adhesion in asymmetric patterned complementary in-
terface is studied by FEA. The interface contains right triangles separated
by flat regions. Different crack separation directions are examined under
three types of loading conditions, pulling, symmetric peeling and asymmet-
ric peeling. Compared with a flat interface, enhanced adhesion is observed
along all directions under all loading conditions. Under pulling, the adhe-
sion enhancement has very weak dependence on the direction of interface
separation. Observations for models under peeling are quite different. The
adhesion enhancement factor obtained by propagating the crack along oppo-
site directions can differ by as much as two orders of magnitude, suggesting
strong directional adhesion.

The effects of two non-dimensional parameters on the adhesion enhance-
ment are systematically investigated: H/l which represents the size of the
bulk sample relative to the pattern, and the angle # in the triangle. Increase
in H/l leads to weaker directional adhesion while increasing 6 enhances di-
rectional adhesion. Such parametric studies can be used to guide the design

of interface with desired directional adhesion.
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