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There are emerging experimental evidence that craters engineered on polymer surfaces can enhance
attachment via suction effects. In the past, we have developed a theoretical framework for quantifying
suction forces produced by an isolated crater, i.e., a crater resides on the surface of a semi-infinite
solid, under both dry and wet conditions. Following this framework, in this paper, we investigate the
suction effects produced by an array of craters. As arrays of both cylinder-shaped (CS) and spherical-

Keywords: cap-shaped (SCS) craters have been reported in the literature, we first make a comparison between
Dry adhesive them and find that the SCS craters outperform the CS craters. Thereafter, we focus on SCS crater arrays
Suction and study the effects of area fraction as well as different types of array patterns (square vs. hexagon).

Crater array
Area fraction
Pattern

Assuming a given polymer matrix, using finite element modeling (FEM), we find that for both patterns,
when the preload is small, suction force increases with crater area fraction. However, when the preload
is large (e.g., when the craters attain full closure), non-monotonic relationship between suction force
and crater area fraction exists. This is because suction force is governed by not only the pressure drop
but also the projected area of the crater after unloading.

© 2019 Published by Elsevier Ltd.

1. Introduction

Conventional pressure-sensitive adhesives (PSAs) employ a
thin layer of viscoelastic bonding agent (e.g., acrylics, polyesters,
etc.) that can instantaneously form strong bond to the adherend
when pressure is applied [1-4]. However, such PSAs face limi-
tations such as susceptibility to impurities and limited reusabil-
ity. PSA-based bio-adhesives may also cause skin irritation [5],
contact dermatitis [6] and damage [7] due to the bonding agent.

To develop chemical-free adhesives, a.k.a. dry adhesives or
physical adhesives, with strong bonding and high reusability, a
wealth of attention has been paid to engineering micro-structures
on polymer surfaces in the last two decades [8-13]. So far, gecko-
inspired micro-pillar system is the most prevailing dry adhesives
[14-18]. In reminiscence of the hierarchical micro-fibril structure
on gecko toe pads, man-made micro-pillar arrays have demon-
strated enhanced adhesion over their flat counterparts because
of multiple mechanisms [8,19-23]. However, the fabrication of
either hierarchical [24] or composite [25] micro-pillars involves
quite complicated processes and the adhesive strength is usually
fixed once fabricated [26-28]. Also, micro-pillars are prone to
collapse and fracture due to their slenderness [8,21,29-31], which
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compromises their reusability and scratch resistance. In addi-
tion, it has been reported that wet surfaces or aquatic environ-
ment impairs the performance of micro-pillar-enabled adhesives
[32-34].

As a result, arrays of micro-craters (i.e. dimples engineered
on polymer surfaces) recently emerged as an alternative surface
texture for reversible adhesion. Emerging experimental results
indicate that micro-craters on polymer surface can enhance adhe-
sion. For instance, Akerboom et al. fabricated close-packed nano-
dimples on polydimethylsiloxane (PDMS) (Fig. 1a) and found that
the normal pull-off force is improved compared with its flat PDMS
counterpart [35]. Choi et al. have observed similar improvement
in the shear pull-off tests on a multilayer PDMS specimen whose
surface was engineered with an array of 1-wm-diameter craters
[36]. Chang et al. created an array of submicron-diameter craters
on UV resin and measured its adhesive shear strength on sili-
con wafer to be as high as 750 kPa [37]. Emulating the design
principle of octopus suckers [38], micro-scale crater arrays with
interior dome-like protuberance have been created by Baik et al.
to achieve strong adhesion in both dry and aquatic environ-
ment [39]. Baik et al. also engineered micro-pillars with concave
tip geometry, demonstrating enhanced dry/wet adhesion per-
formances against both smooth and rough surfaces [40]. Most
recently, Tinnemann et al. explicitly claimed that the suction
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Fig. 1. Scanning electron microscope (SEM) images of micro-crater arrays with
(a) dome-like crater where the inset illustrates the cross-sectional profile
(reproduced from Ref. [35] with permission of The Royal Society interface) and
(b) cylinder-shaped crater where the inset gives a blown-up view (reproduced
from Ref. [39] with permission of Nature). Axisymmetric schematics for (c)
spherical-cap-shaped (SCS) crater and (d) cylinder-shaped (CS) crater. The crater
radius and height are denoted as a and b, respectively. The polymer matrix is
assumed to be incompressible neo-Hookean material with shear modulus w.

effect contributes to 20% of the total adhesive forces of micro-
pillar arrays with mushroom tip according to their experimental
measurements [41].

Advantages of crater-enabled dry adhesives include pressure-
sensitive tunable adhesive strength, strong adhesion underwater
or with wet surfaces, quick and easy release, reusability, as well
as biocompatibility as they do not require any chemical-based
bonding agent. As a result, they can be applied on robotics for wall
climbing [11,42], object manipulation [37] or wafer handling [43],
biomedical devices for secure but releasable attachment with bio-
tissue [7,44], or even on cell phone cases for temporary mounting
[45].

Despite rapid growth in experimental demonstration of cratered
surfaces, fundamental and quantitative mechanistic understand-
ing of such systems is still limited. It is now widely accepted that
cratered surfaces promote adhesive strength primarily through
pressure drop inside the craters, i.e., suction. Shapes of crater can
play an essential role in suction generation. The most common
crater shape is concave domes, including both shallow [35] and
deep [36,37,46] craters (Fig. 1a). Experimentally, Nanni et al.
found that under the same compressive load, surfaces engineered
with shallow domes yield higher pull-off forces than the ones
with deeper domes [47]. Apart from concave domes, craters can
also be manufactured into cuboid or cylindrical shapes. Nanni
et al. also measured the adhesion of cuboid-shaped crater arrays
with different crater depths. Again, they observed higher pull-
off forces for shallower craters when subjected to the same
compressive load [47]. Cylinder-shaped (CS) crater arrays (Fig. 1b)
were investigated by Baik et al. who demonstrated that CS crater
arrays exhibit normal adhesive strength comparable to those
engineered with an interior protuberance inspired by octopus
[39]. This finding implies that CS crater arrays are also capa-
ble of producing high adhesion under dry condition. Herein, a
quantitative comparison of the suction forces generated by dome-
like craters vs. CS craters is of great interest. Schematics of a

representative dome-like crater - a spherical-cap-shaped (SCS)
crater and a CS crater are displayed in Fig. 1c and Fig. 1d in
which the crater base radius and height are labeled as a and b,
respectively.

Aside from crater shape, crater area fraction, ¢, defined as
the ratio of the projected crater area to the overall area of the
surface, is another crucial geometric parameter that governs the
adhesion performance. For instance, Nanni et al. measured the
adhesion of elastomeric surfaces structured with micro-dimples
of different area fractions [47]. They observed that the adhesive
strength exhibits a non-monotonic dependence on the crater area
fraction, which remains a conundrum till now. It is also worth
noting that crater arrays can be in square pattern [47] or hexagon
pattern [35,39]. So far, no available study discusses how different
array patterns would affect the suction effects of crater arrays.
Therefore, the goal of this paper is to use experimentally validated
finite element modeling (FEM) approach to quantitatively inves-
tigate the effects of crater shape, area fraction of crater array, as
well as array pattern on suction generation.

In the past, we have developed a framework for quantifying
the suction effects in cratered surfaces [48]. The suction effects of
SCS craters with various aspect ratios b/a under both dry [48] and
wet conditions [49] have been quantitatively investigated. We
have also revealed how surface tension would affect the suction
force generated by miniaturized craters [50]. In these studies,
craters were assumed to be isolated. The results obtained for
isolated craters can also be applied to a crater array if the size
of an individual crater in a crater array is much smaller than the
crater spacing and specimen dimensions, so that the interaction
between craters is minimal. Following the same framework, in
this paper, we will focus on crater arrays where there will be
interplay between crater size and crater spacing, i.e. when area
fraction matters. We will investigate three primary geometric
features of a cratered surface — crater shape, crater area fraction,
and crater array pattern. Moreover, suction forces as a function
of the preload will be systematically analyzed.

This paper is organized as follows. Section 2 provides a brief
recap of the theoretical framework we previously established for
analyzing suction forces generated by craters. Section 3 stud-
ies the shape effect of an isolated crater, followed by analysis
on crater array in Section 4. Concluding remarks are offered in
Section 5.

2. Theoretical framework

Previously we have developed a theoretical framework to
analyze suction generated by craters [48,49] so we will briefly
describe it here. We suppose that the specimen is made of rub-
ber which is capable of sustaining large elastic deformation and
neglect surface tension effect [50-52]. The loading-unloading
process is illustrated using a quarter of the crater in Figs. 2a-2c.
Initially, the air inside the crater is in equilibrium with the air in
the ambient, and it is characterized by the pressure py, volume
Vo and number of molecules Ny (Fig. 2a). The suction effect is
realized in the following two steps:

1. Step I: the specimen is subjected to an average compressive
stress, o pr, Named the preload, against a rigid flat plate
(not shown in Fig. 2b), such that air is squeezed out of
the crater. At the end of this step, the remaining air in the
carter is characterized by the triplet (p;, V1, N1) (Stage 1,
Fig. 2b).

2. Step II: the specimen is unloaded and the crater springs
back. This action results in a pressure drop inside the
crater which produces the suction force. At the end of this
step, the air in the crater is characterized by the triplet
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Fig. 2. Schematics illustrating the loading-unloading process of an isolated crater. (a) Stage O: the crater initially has a volume V; and projected area Ay. (b) Stage
1: preload is applied on the specimen to squeeze air out of the crater such that crater volume reduces to V; with projected area A;; (c) Stage 2: crater volume
recovers to V, with projected are A, after unloading. p and N denote the pressure and number of air molecules inside the crater at each stage.
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Fig. 3. (a) Preload-stretch relationship for pure prismatic specimen and cratered specimens. Red dots are experimental data for pure prismatic specimen whose
behavior can be successfully captured by the red curve, which represents an incompressible neo-Hookean material model given by Eq. (4) with shear modulus
4 = 47.3 kPa. Hollow markers are FEM results for cratered specimens with different a/R ratios. (b) Experimental set-up of a cylindrical specimen with a SCS crater
of aspect ratio 2/3. (c) A representative experimental load-displacement curve for the entire loading-unloading-retraction process. The horizontal dashed line marks
full unloading, i.e., Stage 2. (d) A schematic of the axisymmetric FEM model for isolated craters with lubricated interfaces.

(p2, V2, N,) (Stage 2, Fig. 2c). Accordingly, the pressure As a result, the pressure drop can be related to the crater volumes

drop is as
_ — 1, — 1%
Ap=p1—p2 —Ap= (1 _ J) Po 2)
and the suction force is Va
F = — ApA, ) Therefore, the suction force becomes
where A, is the projected area of the crater at Stage 2. F = (] — %) PoAz (3)
2

Key assumptions adopted in this framework are: The first assumption that the air can flow out freely when com-

(a) The air flows freely out of the crater upon loading (Step 1), pressed is inspired by prior works on thin-walled suction cups
so that p; = po. [53-55]. In these models [53-55], analytical relationship between
(b) No air exchange takes place upon unloading (Step 2), so preload and suction-cup deformation has been obtained by ne-
that N; = Ny. glecting gas resistance during compression. As for the second
(c) The entire process is isothermal and the air is an ideal gas, assumption that there is no leakage during unloading, it is con-

so that p;V; = poVs. sistent with experimental observations for thin-walled suction



4 L. Wang, K--H. Ha, S. Qiao et al. / Extreme Mechanics Letters 30 (2019) 100496

cups [53-55] as well as surface craters [39]. The third assumption
of ideal gas is widely adopted for air at room temperature. It is
worth pointing out that craters are rather different from thin-
walled suction cups as craters are arrays of dimples on the surface
which are surrounded by thick walls formed by the polymer
matrix as illustrated by Fig. 2.

3. Effects of crater shape

In this section, we study the effects of crater shape using
isolated craters. The following representative shapes will be ex-
amined and compared: SCS craters with aspect ratio b/a = 2/3
and 1 and CS craters with aspect ratio b/a = 2/3 and 1. The
aspect ratio b/a = 2/3 is intentionally selected since the initial
volume of a CS crater with b/a = 2/3 is identical to that of a
SCS crater with aspect ratio b/a = 1. Both FEM and experiments
were carried out to quantitatively characterize the suction effects
of SCS craters for the purpose of validation. Afterwards, only FEM
would be performed for isolated CS craters as well as SCS crater
arrays.

3.1. Experiments

Polydimethylsiloxane (PDMS, Sylgard 184 Dow Corning) with
the base-to-curing-agent mass ratio equal to 30:1 was cured at
70° for 12 h to mold three specimens. The first sample was a pure
cylindrical prism whose radius and height were R = 12.7mm
and H = 50.8 mm. The other two specimens were cylindrical
prisms with the same dimensions but endowed with a SCS crater
of radius a/R = 1/3 at the center of the circular face. The first
SCS crater was a hemi-sphere (i.e.,, b/a = 1) and the second
SCS crater had an aspect ratio of b/a = 2/3. The design a/R =
1/3 corresponds to ¢ = 11.1%, which would suffice for the
assumption of isolated craters (see Section 0 for details). We
first carried out a uniaxial compression test on the pure cylin-
drical prism for the measurement of material properties using
a Mechanical Testing System (MTS Servohydraulic load frame
with Instron 8500R controller and Omega LCHD-50 load cell).
The top and bottom surfaces of the specimen were lubricated
by performance oil (Fellowes Powershred Performance Shredder
0il) such that the specimen could be subjected to uniaxial stress.
The measured axial load-displacement data was converted to the
nominal stress o versus the principal stretch A data and fitted by
the incompressible neo-Hookean model

1
U=M<A—ﬁ> (4)

where shear modulus w is the fitting parameter. Measured and
fitted o vs. A results are plotted as red markers and a red curve in
Fig. 3a, respectively. A fitting function with u = 47.3 kPa agrees
well with experimental data.

Since direct measurement of the suction force at full unload-
ing, i.e., Eq. (3), is difficult, we performed the loading-unloading-
retraction experiments and measured the pull-off force Fyui—of
instead. To realize experimental conditions that well represent
the adopted assumptions, we built a special platform as shown
by an experimental picture in Fig. 3b. The cratered specimen
was compressed against a stiff acrylic platform where a tiny
ventilation hole has been drilled for releasing and trapping air
inside the crater, as illustrated by the schematic inset in Fig. 3b.
During the loading step, the hole was opened such that air was
able to flow out freely, which is consistent with Assumption (a).
During the unloading step, consistent with Assumption (b), the
hole was sealed so that air was trapped in the crater. Both top and
bottom surfaces were well-lubricated as before. Without the vent

hole, we noticed that there was resistance against air flowing out.
Therefore, our assumptions and experimental setup are idealized.

A representative experimental loading-unloading-retraction
curve is given in Fig. 3c. The loading, unloading, and retraction
stages, as well as the pull-off point are labeled in Fig. 3c. As has
been proposed in our previous papers [48,49], one simple way
to determine the suction force F’ at pull-off is by calculating the
difference

F' = Fpuii—off — 0tnA(1 — ¢) (5)

where A = mR? is the area of the circular face of the specimen,
and oy, is the adhesive strength of lubricated PDMS/platform
interface. According to our previous experimental measurements
[48,49], o ~ 1.1 kPa and is independent of preload. Note that
the definition of the suction force in FEM, i.e., F given by Eq. (3) at
full unloading, is slightly different from that in experiment, i.e., F/
given by Eq. (5) at pull-off point. Experimentally measured pull-
off force F involves a retraction strain beyond the full unloading.
When retraction strain is small enough under small preload,
F’ ~ F. However, the retraction strain increases with preload,
causing F’ to deviate from F under large preload. Experimental
and simulation results, as well as in-depth discussion, will be
offered in Section 3.3.

3.2. Simulation

Following experimental data for the pure prismatic specimens,
we assume that the cratered specimens are also taking the in-
compressible neo-Hookean constitutive law with shear modulus
u = 47.3 kPa. A schematic of the FEM is depicted in Fig. 3d
where a hemispherical crater (i.e., b/a = 1) was adopted. Three
axisymmetric models with a/R = 1/2, 1/3, 1/10 were first built
to examine the criterion for isolated craters. The lubricated speci-
men/substrate interface was assumed to be frictionless, i.e., roller
boundary condition in simulation. The o vs. A results under
uniaxial compression were extracted from FEM and plotted in
Fig. 3a as open markers, along with measured and fitted results
for the pure prismatic specimen. Note that the pure prismatic
specimen represents the extreme case of ¢ = 0, which can
be regarded as isolated craters whose a/R — 0. When a/R =
1/10, corresponding to ¢ = 1%, the FEM results shown by the
black square makers overlap with that of ¢ = 0. Actually, when
a/R=1/3 (ie., ¢ = 11.1%), FEM results (blue diamond markers)
also agree reasonably well with that from the pure prismatic
specimen, suggesting that even a/R = 1/3 can be approximately
treated as isolated craters. Hence from now on, we consider
carters with ¢ < 11.1% to be isolated craters. By fixing a/R = 1/3,
FEM were carried out for the following four crater geometries:
two SCS craters with b/a = 2/3 and 1; and other two CS craters
with b/a = 2/3 and 1. All FEM were conducted using commercial
FEM package ABAQUS 6.13 in which the built-in function *FLUID
CAVITY was implemented to model the ideal gas behavior inside
the craters.

3.3. Results

The normalized suction force produced by an isolated crater
Fiso/(PoAo) as a function of preload, o, are given in Fig. 4. Solid
and dashed curves represent the FEM results for SCS and CS
craters, respectively. Dots with error bars are experimental data
of SCS craters. Craters with b/a = 2/3 are represented by blue
and those with b/a = 1 are in red, respectively. We conducted
a series of loading-unloading-retraction tests on SCS craters with
aspect ratios of b/a = 2/3 and 1 using MTS. The pull-off forces
were measured and the suction forces were calculated according
to Eq. (5). It is evident that FEM results are in good agreement
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Fig. 4. Normalized suction forces of isolated craters as a function of preload.
FEM results of SCS and CS isolated craters are presented by solid and dashed
curves, respectively. Experimental results for SCS are shown by solid dots. Blue
represents craters with aspect ratio of 2/3 and red for aspect ratio of 1. The
inset exhibits the crease instability of CS crater with b/a = 1 at oy = 70 kPa
. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

with experimental data, suggesting that F’ ~ F when the preload
is small. Such an agreement also justifies the applicability of the
simulations for characterizing more general situations, such as
crater arrays. Note that experimental data is only presented up to
80 kPa. This is because large discrepancy between experimental
data F’ are numerical results F has been found when ¢ > 80
kPa. As mentioned before, such discrepancy originates from the
different definitions of suction forces, i.e., F in Eq. (3) versus
F' in Eq. (5), rather than the simulation itself. The retraction
strain beyond full unloading applies an extra tensile strain on the
specimen thus changes the suction force. In our recent work [49],
we have shown that modified FEM results by adding experimen-
tally measured retraction strain after full unloading indeed agrees
well with measured suction force at pull-off point. Therefore, we
believe that the entire FEM curves in Fig. 4 are able to capture
the true suction forces at the end of unloading.

Several important observations can be made from the FEM
curves in Fig. 4. First, for all cases, suction force increases as
preload grows before craters reach full closure because large
preload yields small crater volume at the end of loading, i.e., small
V1 leads to large F according to Eq. (3). Note that it is easier
for SCS craters to attain full closure and achieve the maximum
suction force, as shown by the plateau of the solid curves. By
contrast, localized crease instability (labeled in the inset in Fig. 4)
occurs at the corner of the CS craters at certain preloads, which
causes divergence in FEM. Thus, the FEM results for CS craters are
only presented before the crease occurs, i.e., op. = 55 kPa and
opre = 70 kPa for CS craters of b/a = 1 and 2/3, respectively.
Second, it is obvious that craters with smaller initial volume pro-
duce higher suction force under small preload, which is consistent
with experimental observations by Nanni et al. [47]. For example,
within the same type of craters, shallow craters yield higher
suction force than deep ones under the same preload. Comparing
SCS and CS craters with the same aspect ratio, SCS craters outper-
form their CS counterpart because SCS craters have smaller initial
volume. This conclusion can be further supported by comparing
the hemisphere-shaped crater, i.e., the SCS crater with b/a = 1,
with the CS crater with b/a = 2/3. These two craters have the
same initial volume and crater radius, thus exhibit comparable
suction forces when &, < 55 kPa. However, such trend can be

easily violated under large preload. For instance, hemispherical
crater exhibits larger suction force than shallow SCS crater when
e > 120 kPa according to Fig. 4. This is consistent with our
previous finding that deeper craters generate higher suction force
than shallower ones at full closure [48].

4. Effects of crater area fraction and array pattern
4.1. Simulation

In this section, we extend the FEM approach developed for
isolated craters to crater arrays in two different patterns — the
square-patterned arrays (SPA) and the hexagon-patterned arrays
(HPA), as illustrated in Fig. 5a. Our goal is seeking for the opti-
mal design of the cratered surface that maximizes the suction
force of a given polymer sheet. To better elucidate how crater
area fraction and pattern affect the suction force, in what fol-
lows the crater geometry is fixed as a SCS crater with aspect
ratio b/a = 2/3 and the polymer matrix is assumed to be
incompressible neo-Hookean material with shear modulus u =
47.3 kPa. Different from simulations for isolated craters where
axisymmetric models were used, simulations for crater arrays
call for three-dimensional models. According to the nature of
their periodicity, representative volume elements of SPA and HPA,
i.e., unit cells, were simulated with periodic boundary conditions
assigned. Bottom-up views of the simulation schemes are graph-
ically expressed in Figs. 5b and 5c, respectively. For SPA, the
unit cell is a square containing a crater at the center. The size
of the unit square and the radius of the crater are denoted as
Ds and aq, respectively. Geometric symmetries allow us to only
model a quarter of the unit. The x and y planes are symmetric
planes as shown by the dash-dot lines. Periodicity in both x and y
directions dictates the square unit cell remains as a square under
uniaxial compression. In other words, the displacement in the y
direction of all nodes on y = Ds plane are constrained to be the
same, i.e., u;” = uy, where superscript ‘all’ represents all nodes
on that plane and ‘r’ corresponds to the reference node which
is highlighted by red. Similarly, ud = uf. As for HPA, the unit
cell is a hexagon which remains as a hexagon under uniaxial
compression. Therefore, a 30°-60°-90° triangle suffices for the

simulation by enforcing uf,” = u; on y = D, plane and 60° plane

remains 60°, i.e., u;', = «/§u; where superscript ‘i’ denotes each
individual node itself. It is worth noting that modeling a unit cell
rather than the entire specimen is for the sake of reducing model
size. But one should be aware that such a simplification can be
adopted only when the array consists of a sufficient number of
craters such that only a small fraction of craters are near the edge
of the array where periodic boundary conditions break down. The
simulated loading-unloading process of craters in SPA and HPA
can be visualized in the supplementary video.

4.2. Results

4.2.1. Suction force of a unit cell

The FEM results of normalized suction force F/(poAg) pro-
duced by a unit cell of SPA and HPA are given in Fig. 6a and
Fig. 6b, respectively, where Ay = ma? is the projected area
of the crater at Stage 0. For SPA, the largest possible crater
area fraction is w/4 ~ 78.5% thus we consider the following
¢ = 8.73,19.6,34.9,54.5,64.9 and 71.2%, corresponding to
a/Ds = 1/3,1/2,2/3,5/6,10/11 and 20/21. For HPA, a higher
crater area fraction ¢ = 80% can be achieved hence it was also
simulated. For comparison, results for isolated craters, i.e., ¢ — 0
are also plotted in Fig. 6a and Fig. 6b as dashed black curves.
Analysis of the two plots can be performed in the follows. First, it
is evident that in both plots, ¢ = 8.73% overlaps with the black
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Fig. 5. (a) Two designs for cratered surfaces: square-patterned-arrays (SPA), and hexagon-patterned-arrays (HPA). (b)-(c) Bottom-up views of the arrays, unit cells,
FEM cell and boundary conditions used in simulation. Geometric periodicity and symmetry are implemented for reducing model size.

dashed curve, which represents ¢ — 0. This is consistent with
our previous claim that crater arrays with ¢ < 11.1% should
recover the isolated crater scenario. Second, for both SPA and
HPA, when ¢ < 54.5%, the normalized suction force monotoni-
cally increases with the preload till full closure is attained. When
¢ > 54.5%, a non-monotonic suction-preload relation is found.
This is because when the crater area fraction is large, the overall
structural stiffness of the unit cell is low, leading to limited recov-
ery and hence small projected area A, after unloading, which is
evident in the supplementary video. Also, this reduction becomes
more conspicuous when the area fraction is large, say ¢ = 71.2%
and 80% in Fig. 6b.

To better compare the behaviors of the crater arrays with
various area fractions under different preloads, we also plot the
suction force of crater unit cell (F) normalized by that of an
isolated crater (Fiso) as a function of ¢ in Fig. 6¢. Solid curves plot
results under a small preload o, = 50 kPa; while dashed curves
represent large preload o, = 120 kPa under which all craters
are fully closed. Again, it can be seen that when ¢ < 11.1%,
F/Fs, = 1, suggesting that the arrayed craters can be treated
as isolated craters. When o, = 50 kPa, F/F, increases with
area fraction, meaning that the interaction between craters boosts
the suction force; while when o, = 120 kPa, F/F, decreases
with area fraction, manifesting that interaction between craters
impairs the generation of suction force. The reason lies in the fact
that arrays with larger ¢ tend to have lower structural stiffness,
giving rise to a smaller crater volume V; at the compressed stage
under the same preload prior to full closure. Therefore, under
small preload, smaller V; is achieved, leading to larger F/(poAo)-
However, if the preload is large enough (e.g., 5, = 120 kPa)
to fully close craters, i.e.,, Vi = 0 for any ¢, F/(poAog) is only
determined by the projected area A, at Stage 2. Then larger ¢
produces smaller A, due to the lower structural stiffness, dimin-
ishing the suction force (see supplementary video). Moreover, this
plot indicates that the difference between SPA and HPA is not
significant given the same ¢.

4.2.2. Total suction force of the polymer sheet

Assume that a polymer sheet has a base plane area of A; with
total number of craters denoted as m. The total suction force of
the polymer sheet F; can be computed by summing the suction
force produced by all the craters, i.e., FF = mF, where F is the
suction force generated by a unit cell. This calculation neglects
craters at the edge of the array so it is only true for an array with
large number of craters. Normalizing F; by poA; produces

o A F F
PoAt

= (6)
t DoAo PoAo
Eq. (6) clearly shows that the normalized suction force is propor-
tional to ¢ and F/(poAp). Thus if F/(poAp) also increases with ¢,
then higher total suction force will be achieved as ¢ gets larger.
This is true when the preload is small as can be seen in Fig. 7a and
Fig. 7b in which F; /(poA;) is plotted versus preload o . for various
¢. When preload o, < 80 kPa, larger crater area fraction leads
to higher suction force for both SPA and HPA. The reasons are
twofold. First, as explained above, large ¢ yields higher F/(poAo)
according to Eq. (3) under small preloads. Second, larger ¢ means
more craters are contributing to the total suction force based
on Eq. (6). For example, by fixing o, = 50 kPa, F;/(poA;) as a
function of ¢ is presented by the shaded bars in Fig. 7c, in which
F;/(poA:) monotonically grows with increasing ¢ for both SPA
and HPA. However, under large preload, F/(poAo) may decrease
with crater area fraction (see Fig. 6¢). Therefore, the total suction
force may exhibit a non-monotonic dependence on ¢. Hence
there exists a maximum total suction force at intermediate ¢. For
instance, if fixing oo = 120 kPa, the largest F; /(poA;) is achieved
when 54.5% < ¢ < 64.9% as shown by the solid bars in Fig. 7c.
The suction force of crater arrays inherently depends the on
preload, and the largest total suction force that can be achieved is
0.34poA; by HPA with ¢ = 80% under the preload o, = 80 kPa
given by the orange curve in Fig. 7b. But one has to be aware
that results presented in Fig. 7 are exclusively applicable to SCS



L. Wang, K.-H. Ha, S. Qiao et al. / Extreme Mechanics Letters 30 (2019) 100496 7

(a) 0.6
L SPA (%)
05 F —= 873
- - 19.6
04
;:3 - —E— 54.5
s 03 | = 64.5
S L - 712 ™ --- Isolated Fg,
= 02
0.1
O L 1 L 1 L 1 L
0 20 40 60 80 100 120
Opre (kPa)
(b) o6
| HPA ¢ (%)
05 k= 873 i
L —A— 19.6 |
04 F
< | —A- 545 I
§. 03 L —& 645 \
> | —A—- 71.2
B ¥ --- Isolated Fiso
02 F
0.1
0 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120
Gpre (KPa)
(c) 15
- — HPA B
13 Opre=>0 kPa !
° 1.1
S R L
E 'l----.*.===-‘
09 | SSk
IS
- \§
| /o
' Opre=120 kPa \“\
B ~
05 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \“

Crater area fraction ¢ (%)

Fig. 6. (a)-(b) Normalized suction force of a unit cell F/(poAo) as a function of
o pre for (a) SPA and (b) HPA. (c) Suction force of a unit cell normalized by that
of an isolated crater, i.e., F/Fiso, as a function of area fraction under two different
preloads - a small preload & = 50 kPa, and a large preload & = 12 kPa
under which crater is fully closed at Stage 1.

crater with aspect ratio b/a = 2/3 and neo-Hookean material
property u = 47.3 kPa. For more information regarding how
material stiffness and crater shape would affect the suction force
of an isolated crater, please refer to our previous publication [48].

(a) o4
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0.1
0
0 20 40 60 80 100 120
Opre(kPa)
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3
p
2 [—A- 54.5
£ 02 | 645
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0 4
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Fig. 7. (a)-(b) Normalized total suction force of the polymer sheet F;/(poA;) as
a function of &, for (a) SPA and (b) HPA. (c) Normalized total suction force
of the polymer sheet F;/(poA;) for various area fractions under two different
preloads - a small preload o, = 50 kPa, and a large preload o, = 120 kPa
under which craters are fully closed at Stage 1.

5. Conclusions

Suction forces generated by cratered surfaces depend on crater
shape, crater area fraction, array pattern, and applied preload.
We adopted experimentally validated FEM approach to reveal the
effect of each factor. It was found out that for a given aspect ratio
and preload, isolated spherical-cap-shaped (SCS) craters always
produce higher suction forces than isolated cylinder-shaped (CS)
craters. Fixing SCS craters with aspect ratio of 2/3, we investigated
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two cratered arrays, square-patterned array (SPA) and hexagon-
patterned array (HPA), with various crater area fractions under
different preload. It was discovered that the suction force of both
the unit cell and the overall array has non-monotonic dependency
on the crater area fraction under large preload. In fact, full closure
of the crater may impair the suction effect. To achieve the highest
suction force, a moderately large preload and area fraction is
desired. The suction performance of SPA is quite comparable to
HPA except that HPA enables larger area fraction. This study
provides very useful insights for the design of cratered surfaces
which constitute future dry adhesives for robots and medical
adhesives.
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