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Switchable Underwater Adhesion by Deformable

Cupped Microstructures

Yue Wang, Victor Kang, Walter Federle, Eduard Arzt, and René Hensel*

Switchable underwater adhesion can be useful for numerous applications,
but is extremely challenging due to the presence of water at the contact inter-
face. Here, deformable cupped microstructures (diameter typically 100 pm,
rim thickness 5 pm) are reported that can switch between high (=1 MPa) and
low (<0.2 MPa) adhesion strength by adjusting the retraction velocity from
100 to 0.1 pm s7. The velocity at which the switch occurs is determined by
specific design parameters of the cupped microstructure, such as the cup
width and angle. The results are compared with theoretical estimates of water
penetration into the contact zone and expansion of the cup during retraction.
This work paves the way for controlling wet adhesion on demand and may

inspire further applications in smart adhesives.

1. Introduction

Robust wet adhesion with the ability to release on demand
remains a challenge despite numerous potential applications
in a variety of areas such as underwater soft robotics,"? trans-
portation,>* biomedicine,>® and tissue engineering.”® Non-
permanent, reversible adhesives often rely on van der Waals
interactions,>!% capillary forces,'*'% or dynamic bonds.¥ In
completely immersed contacts, capillary forces no longer con-
tribute to adhesion. Furthermore, van der Waals interactions are
drastically reduced when liquids are present in the contact.1]
The stability of liquid in the contact zone depends mainly on the
film’s tendency to dewet, which is a function of the solid-solid
and liquid-solid interfacial energies.'®V] For example, water
may be expelled from the contact if both surfaces are hydro-
phobic. On the other hand, if one of the surfaces is at least par-
tially wettable, water remains in the contact.’®! Dynamic bonds

Dr. Y. Wang, Prof. E. Arzt, Dr. R. Hensel
INM—Leibniz Institute for New Materials
Campus D2 2, Saarbriicken 66123, Germany
E-mail: rene.hensel@leibniz-inm.de

Dr. V. Kang, Prof. W. Federle

Department of Zoology

University of Cambridge

Cambridge CB2 3EJ, UK

Prof. E. Arzt

Department of Materials Science and Engineering
Saarland University

Campus D2 2, Saarbriicken 66123, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202001269.

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.

DOI: 10.1002/admi.202001269

Adv. Mater. Interfaces 2020, 7, 2001269

2001269 (1 of7)

are an opportunity to improve adhesion in
wet conditions.>¥! However, these bonds
inevitably require functional groups at
the target surface and are subject to wear
during repeated attachment-detachment
cycles as in pick-and-place handling.

Microstructured elastomer surfaces are
capable of reliable and switchable adhe-
sion in dry environments.?923 Several
groups have demonstrated their potential
underwater, provided the water can be
expelled from the contact region.?*?] In
particular, hydrophobic microstructures or
microstructures with reentrant geometry
have the ability to trap air in between the
structures when immersed in water.[26-28]
Such air bubbles can improve adhesion through the presence of
capillary forces, even when the contact is fully immersed.[2*3%
The microstructure tips can be further modified by introducing
chemical bondsP! or water absorbers such as hydrogels;!®) how-
ever, switchability by external stimuli remains elusive.

In nature, suction cups have evolved for temporary under-
water adhesion during locomotion or when catching prey.l3%:32
Many species, such as octopus,B! clingfish,32*% and net-
winged midge larvae® utilize muscular actuation to reduce the
hydrostatic pressure in the contact and, therefore, to control the
adhesive force. This principle has been translated to synthetic
macroscopic grippers working in dry environments by adding
pumps to control the air pressure. On the microscale, recent
reports demonstrate the fabrication of microsucker arrays by
micromachining or optical lithography combined with replica
molding.*>3! The reported adhesion to smooth silicon sur-
faces is in the range of 50-100 kPa in air and underwater. In a
previous study,*¥ we presented cupped microstructures (CMs)
created by two-photon lithography and replica molding. Adhe-
sion strengths of individual structures were about 1 MPa in
air and underwater. Despite similar adhesive strengths in both
media, adhesion mechanisms were attributed to suction under
water and van der Waals interactions in dry conditions.

The present article explores the potential of deformable
cupped microstructures, reminiscent of suction cups, for switch-
able adhesion in wet conditions. Underwater adhesion tests
are systematically performed with constant retraction velocities
ranging from 0.1 to 100 um s until detachment. Finally, we
demonstrate underwater manipulation (pick-and-place) of a sub-
merged object using an array of cupped microstructures.

2. Results and Discussion

Cupped microstructures were generated by two-photon lithog-
raphy using standard (meth)acrylate-based resin (Figure 1a).

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 1. Velocity-dependent adhesion of cupped microstructures. a) Schematic of a cupped microstructure, where H is the height and R is the radius
of the stalk, T is the thickness, L, is the projected width of the rim, and SBis the cup angle. b) Scanning electron micrographs of the cupped microstruc-
ture CM10/10°. c) The underwater pull-off forces and stresses of single CM10/10° microstructures at different retraction velocities. d,e) Contact images
for the two adhesion regimes. A dark rim indicates close contact and sealing; interference fringes indicate the beginning of detachment, whereas gray
indicates thicker water layers. Note that the high pull-off forces in the adhesive regime are correlated with the appearance of strong seals.

Subsequently, these structures were used as templates for
replication in polyurethane (PU) elastomers. The stalk height,
H, and stalk radius, R, of each microstructure were 100 and
40 um, respectively. The thickness of the rim, T, was 5 um. We
varied the projected width of the rim, L, and the cup angle,
B. The adhesion of a first set of cupped microstructures with
L, =10 um and = 10° (referred to as “CM10/10°,” Figure 1b)
to a nominally flat, smooth glass substrate was systematically
tested underwater as a function of the retraction velocity varying
from 0.1 to 100 um s7%. Pull-off stresses were calculated as the
forces divided by the area of the undeformed cup (7854 um?).
Figure 1c shows that pull-off forces, F,, strongly depended on
the retraction velocity. Adhesion was weak (F, < 1.6 mN) for
velocities up to 10 um s7.. For higher retraction velocities, the
adhesion force drastically increased to values ranging between
78 and 10.8 mN. Thus, we obtained a velocity-dependent,
sharp transition from a low adhesion regime to a high adhe-
sion regime with pull-off forces increasing by one order of
magnitude. In the adhesive regime, the pull-off force further
increased with increasing velocities. Note that the resulting
pull-off stresses were in excess of 1 MPa for high velocities.
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This is far above the maximum adhesion strength expected
from pure suction under dry conditions (=0.1 MPa).

The in situ observations in Figure 1d,e show qualitative dif-
ferences in the development of adhesive contacts in the two
regimes. In both regimes, the contact was formed by com-
pression of the cup during preloading (steps 1 and 6). During
retraction, the behavior was different in the two adhesion
regimes:

1. Low adhesion regime (low retraction velocity): Some initial
water influx was visible from the white areas at the perimeter
of the stalk (Figure 1d, step 2). The resulting detachment of
the stalk was seen from the interference fringes visible in step
3 (Figure 1d). The detachment led to a cavity under the stalk
that was further flooded with water during the pull-off. The
expansion of the cavity is restricted by the influx through the
outer rim, and by the incompressibility of water (Figure 1d,
step 4). Finally, the whole structure detached (Figure 1d,
step 5). In this regime, the pull-off force was below 1.6 mN
(or 0.2 MPa), and the bright gray of the rim indicated that it
was not in close surface contact (Figure 1d, steps 3-5).

(20f7) © 2020 The Authors. Published by Wiley-VCH GmbH
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2. High adhesion regime (high retraction velocity): The se-
quence of events (Figure 1e) differs here by the development
of a larger and more stable seal at the perimeter (steps 6-9)
before the final detachment of the structure (step 10). Conse-
quently, the hydrostatic pressure in the cavity was reduced,
causing the rim to be pressed more strongly against the sub-
strate (visible by the dark gray of the rim, see Figure le, steps
8-10). As a result, water flow was further reduced, leading
to an even lower cavity pressure and tighter seal. This self-
sealing mechanism as described in our previous articlel*®!
represents a positive feedback loop, which can explain the
observed sharp increase of adhesion with pull-off velocity.

In summary, the retraction velocity and the resulting influx
of water play a decisive role in the underwater adhesion of
cupped microstructures.

To evaluate the impact of the cup design on the transition
velocity, microstructures with projected width of the rim, L,
of 10 and 20 pm and cup angles, S, of 0, 5, 10, and 15° were
fabricated and tested. The results are shown in Figure 2. With
increasing cup angles, the transition from the low-adhesive to
the high-adhesive regime occurred at lower retraction veloci-
ties. For a cup with L, = 10 um, the transition occurred between
0.5 and 1 um s for a cup angle of 15°, whereas the transition
was observed between 10 and 20 um s for cup angles of 5 and
10° (Figure 2a). A wider rim (L, = 20 um) further decreased the
switching velocity. Hence, for microstructures with cup angles
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which is almost one order of magnitude lower compared to
structures with L, = 10 pum (Figure 2b). Interestingly, the cupped
microstructure with = 15° was more adhesive than those with
cup angles of 5 and 10° for all retraction velocities tested. It is
important to note that, while the switching velocities varied
depending on the cup angle and the rim width (summarized
in Figure 2c), the maximum pull-off stresses were consistently
high for all structures tested at 100 um s™, ranging between
1.0 and 1.4 MPa.

To understand the transition from the low to the high adhe-
sion regime, we developed a simple model for the detachment
process as a function of the retraction velocity. A water-filled
cavity develops under the cup before detachment, and its
volume, V,,,, expands over time (Figure 1d,e). However, this
expansion is limited by the influx of water, V,,, due to water
incompressibility.

The water influx must approximately equal the volume
expansion of the cavity, i.e.

V/in = VCHV (1)

First, the stalk detaches from the substrate and forms
the cavity. As this event always happened significantly before
the peak pull-off force was reached, we assume that the distance
between stalk and substrate surface is much larger than the
distance between rim and surface, and that the pressure in
the cavity is therefore uniform. The applied force will stretch
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Figure 2. Dependence of pull-off stress on retraction velocity for different widths of the rim and cup angles. Projected width of the rim of a) 10 um and
b) 20 um. The vertical dashed lines highlight the transition velocity, u;,. Cup angles were 0°, 5°,10°, and 15°. Each test was repeated three times with

the same microstructure. c) Transition velocity as a function of the design

parameters. Note that the transition to higher adhesion is shifted to lower

velocities for wider rims, L,, and larger cup angles, . d) Schematic defining the dimensions R and L, for the cup and the pressure, p,,, and volume
growth rate, Vi, for the cavity. The insert shows the geometry and laminar flow pattern assumed aIIowmg influx of water, at a rate V, into the cavity.
The width of the seal is L,. The thickness of the liquid film in the seal between rim and substrate is denoted as 2h.
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Young’'s modulus of the stalk, and py — p.,, is the pressure dif-
ference between hydrostatic pressure outside the contact, p,
and inside the cavity, p..,. Therefore, the cavity expands verti-
cally at a rate

Vo = TR’ [u—%):mﬁ (u_%%) )

where 7R? is the area of the stalk and u is the retraction velocity
(Figure 2d).

It is assumed that, in the seal, a homogeneously thin water
film separates the cup and the substrate due to the hydrophilic
glass substrate. Thus, the water influx is given by

V., = 47w RhWw 3)

where 27R is the perimeter of the stalk, 2h is the thickness of
the water film between the seal and the substrate, and V is the
2
average flow velocity, which for laminar flow is h(poi_,pw),
3ulL,

where u is the viscosity of water, and L, is the width (=radial
length) of the seal (Figure 2d).

Rewriting Equation (1) gives a pull-off stress (based on
suction)

3u RL,
O-p = Po - pcav = 4h3

ety (4)

_ 4KE
3ul,RH

t

where ugs = u|l—e is the effective retraction velocity

(for details, see Supporting Information).

A faster pull will lead to higher adhesion strength. Equa-
tion (4) predicts that assuming an unchanged seal (L,, h), the
pressure difference and thereby adhesion strength should
increase linearly with retraction velocity. However, the data
shown in Figures 1 and 2 show that the adhesion is low for
small velocities, and then exhibits a sudden, stepwise increase,
followed by a logarithmic increase for higher velocities. How
can this stepwise increase of adhesion be explained? The larger
pressure difference caused by a faster pull will press the rim of
the cup more firmly into contact, resulting not only in a wider
rim in close contact (larger seal L,), but also in a higher normal
(compressive) force acting on it, which likely reduces h in the
seal. Both factors improve the seal, thereby further increasing
viscous flow resistance and hence the pressure difference.
Once a threshold pressure difference has been reached, this
positive feedback cycle results in a self-sealing process and
hence strong increase of adhesion. It should be noted that in
the adhesive regime, pull-off stresses logarithmically increased
with retraction velocity (Figure 2a,b). This may be explained by
the stretching of the microstructures, which leads to relatively
smaller effective velocities u.g/u for faster pull-offs.

The critical role of normal, compressive forces on the rim
is also suggested by the better performance of microstruc-
tures with larger cup angles (15° vs 10° and 5°). Because of
higher normal forces, the thickness h of the fluid film under
the rim may be smaller for larger angles; this may explain why
larger cup angles led to lower transition velocities and higher
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adhesion. Our previous findings show that the underwater
adhesion does not increase further for microstructures with
even larger cup angles;3® this is likely due to the larger amount
of elastic energy stored during preload. A more complete theo-
retical model is currently under development.

To further investigate the transition from low to high adhe-
sion and to modulate the velocity triggering it, a 1.8 um-wide
and 0.3 um-deep channel was radially added to the cupped
microstructure design with L. = 20 ym and = 10° (CM20/10°,
Figure 3a). The channel allowed well-defined water flow at the
interface during retraction. In the presence of the channel, the
adhesion switched from low to high adhesion between 5 and
7 um s}, which is twice the retraction velocity of the structure
without the channel (Figure 3b). For each retraction velocity,
pull-off stresses were lower for the microstructure with the
channel compared to the channel-free structures, but similarly
increased with higher velocities. Assuming that the transition
from low to high adhesion takes place at a pressure difference
of 100 kPa (Figure 2), we calculated the transition velocity of
the cupped microstructure with and without channel. First,
the average flow rate through the channel with a cross section
of 0.54 um? was numerically calculated using COMSOL Mul-
tiphysics 4.2a (Figure 3d). Figure 3d shows the velocity profile
for the cross section of the channel and an average velocity of
Vs =0.032 m s7.. This results in a rate of water flow through
the channel of Vi =17 280 um? s™.. We assume that the expan-
sion of the cavity with channel is V., 4 = Vi, + Vi, where V,,
is, as before, the water penetration without the channel. The
minimum velocity required to reach the transition from low to

high adhesion at a pressure difference of 100 kPa is u, = V}izz
b2
for the channel-free cup (CM20/10°) and u, 4 = Vca;éczh for the

cup with channel. Therefore, the transition velocity for the cup
with channel can be estimated as

Vch

Uph = Uyt R (5)

From u = 2.5 um s7! (see Figure 3b), Vg, = 17 280 pm?® s7,
and R = 40 um , the transition velocity is myg = 5.9 um s
This calculated value is in good agreement with the experi-
mentally obtained values between 5 and 7 um s™ for the
transition velocity with channel. Further tests with cupped
microstructures containing a larger number of microchannels,
or microchannels with varying depths confirmed that the total
water flow rate through the channels determines the transition
velocity according to Equation (5), with more and deeper chan-
nels shifting the transition to higher velocities (Figure S1, Sup-
porting Information).

To demonstrate the switchability of cupped microstructures
in a pick-and-place process, cupped microstructures (CM10/10°)
were fabricated in a square lattice of 25 mm? with 256 cups
at a center-to-center distance of 300 um (Figure 4a). The suc-
cessful underwater handling of a 30 g weight (brass block with
a smooth glass surface for adhesive contact) is demonstrated
in Figure 4b,c and Video S1, Supporting Information. First, the
microarray was brought in contact with the submerged brass
block under a compressive preload of 300 mN. Second, the

© 2020 The Authors. Published by Wiley-VCH GmbH

85U8017 SUOWWIOD BAIE8.D 3(dedl|dde ayy Aq peuIenob ae sapiie YO 8sn Jo Sa|nJ Joj Akeid8UIIUQ AB|IM UO (SUORIPUOD-PUR-SLLIBI 0D A8 | 1M Afe.d 1 jBul[UO//:SdNL) SUORIPUOD Pue SIS | 8Ly 88S *[£202/0T/22] Uo Ariqiauliuo Aoim ‘(puejey 1) AIHOHO VS Aq 692100202  IWPe/Z00T OT/I0p/L0d" A8 | 1M ARIq 1 pul|uo// Sty ol pepeojumod ‘€2 ‘0202 ‘0SEL96T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

(b)

g4l L,=20 ym g=10°
09| Uy 83
anal > 0 9
o 0.8 ! ' eo
2 | (l;lz'thoutll : 8
2 0.6 :
g 0.6 - anne : ﬁo o
»n 05} ' : \
£ ] ‘ io° With
= 03} . Channel
o e g et e s
01F ]
0'0 .- asassl %.a:. 1 . aasasal
100

1 0
Retraction Velocity (um/s)

(d) Channel Width: 1.8um

Channel
Depth: 0.3pm

U~ 0.032m/s

0.05 0.04 0.0

0.02 0.01 (m/s)

Figure 3. Cupped microstructure with a defined flow channel. a) Scanning electron micrograph of the cupped microstructure with a channel along
the rim. b) Comparison of the pull-off adhesion force between the cups with and without a channel. c) Recorded contact images in the presence of a
channel. d) Cross section of the channel showing the numerically determined flow profile. The average velocity was V¢, was 0.032 m s for a pressure

difference of 100 kPa.

block was lifted using a high retraction velocity of 100 um s™
and held for 50 s. The tensile load was 260 mN in accordance
with the weight of the submerged block. After returning the
brass block to the starting position, it was released at a much
lower retraction velocity of 1 um s™. The adhesion force was
60 mN and, therefore, below the weight of the brass block. This
experiment successfully demonstrates that the adhesion force
can be switched by varying the retraction velocity. The effect,
therefore, exhibits high potential for underwater handling of
solid objects.

3. Conclusions

In summary, we presented a study on the switchable under-
water adhesion of deformable cupped microstructures and their
potential for micromanipulation of objects in wet or submerged
conditions. Underwater adhesion was tested for different cup
designs and for various retraction velocities. The following con-
clusions can be drawn:

1. Cupped microstructures can be switched from a low
(<0.2 MPa) to a high (=1 MPa) adhesion regime by adjusting

Adv. Mater. Interfaces 2020, 7, 2001269
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the retraction velocity, for the microstructures investigated
from 0.5 to 20 um s

2. The transition velocity depends on the cup design, such as
the projected width of the rim and the cup angle. Wider rims
and larger cup angles decrease the transition velocity.

3. The switchability of adhesion can be explained by the self-
sealing property of cupped microstructures, whereby faster
and stronger pulls lead to an improvement of the seal, further
increasing adhesion.

4. Experimental Section

Fabrication of Deformable  Cupped  Microstructures:  Cupped
microstructures were fabricated as previously described by Yue et al.l%8!
Briefly, the designed microstructures were printed using two-photon
lithography system (Photonic Professional GT, Nanoscribe, Eggenstein-
Leopoldshafen, Germany).®l Then, these structures were replicated into
PU (NEUKADUR A75, Altropol GmbH, Stockelsdorf, Germany) with a
Young's modulus of about 15 MPa. For the replication, molds made from
polydimethylsiloxane (PDMS, SYLGARD 184, Dow Corning, Midland,
USA) were used. The PU prepolymer was mixed by 1.2 parts of base and
one part of cross-linker and cast onto the PDMS template. Curing of PU
took place in an oven at 65 °C for at least 12 h. Upon demolding, the
cupped microstructures were tested without further treatments.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Demonstration of underwater pick-and-place handling using deformable cupped microstructures. a) Scanning electron micrograph of the
5 x 5 mm? array of cupped microstructures CM10/10°. b) The force versus time curve and c) the corresponding images of one entire cycle where a
brass block was picked up and released under water.

Adhesion Measurements: All the tests were performed using a Cupped microstructures were immersed in a 50 pL droplet of distilled
custom-made apparatus. A 2 mm long glass cylinder with a diameter ~ water for all underwater adhesion tests. The glass substrate was brought
of 2 mm was used as a nominally flat substrate. Two goniometers were  in contact with the microstructures with a compressive preload of 3 mN
used to properly align the microstructures to the substrate. A load cell ~ and held for 5 s. Then, the substrate was normally retracted until the

(KD45-2N, ME-Messsysteme, Hennigsdorf, Germany) was utilized  structure detached. The maximum tensile load was defined as the pull-off
to record forces with a resolution of about 0.4 mN. The displacement  force. Peak normal forces were converted into stresses by dividing them
was realized by a linear actuator (Q-545.240, PI, Karlsruhe, Germany).  with the projected area of the cup in the original undeformed state.
Data were recorded using a LabVIEW script. In addition, contact area  The retraction velocities varied from 0.1 to 100 um s™'. Each test was
images of the microstructures with the substrate were observed through  repeated with at least three different samples. Between the tests, the
the transparent glass cylinder using a tubular optic and monochromatic  glass substrate was kept immersed in the water droplet.

coaxial illumination (UltraZoom, Navitar, Inc., New York, NY, USA) with Pick-and-Release Demonstration: An adhesive array of 5 X 5 mm? with
a wavelength of 436 nm. Videos were recorded with a camera (DMK 256 cupped microstructures (CM10/10°) was prepared as described
33UX252, Imaging Source, Bremen, Germany). above. A 1 mm-thick smooth glass substrate was glued to the top
Adv. Mater. Interfaces 2020, 7, 2001269 2001269 (6 of 7) © 2020 The Authors. Published by Wiley-VCH GmbH
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surface of a brass block with edge lengths of 20, 20, and 10 mm, and a
weight of about 30 g (in air). The brass block was placed at the bottom
of a water basin, whereas the adhesive pad was fixed to the load cell
(KD40S-5N, ME-Messsysteme, Germany) and a linear stage (M-404.8PD,
Pl, Karlsruhe, Germany). Then the adhesive array was brought in contact
with the glass surface with a preload of about 300 mN, and a rate of
100 um s7; the contact was held for 8 s. The retraction velocity was
either 100 um s (pick and lift) or 1 um s (release). Upon lifting, the
brass block was held (underwater) for 50 s. A side view of the process
was recorded using a digital camera (Nikon D7200, Nikon Corporation,

Japan).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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