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Reversible adhesion switching on the micron scale greatly extends the functionality of shape memory
polymers. Herein, we report the first usage of polystyrene microparticles for the reversible dry adhesive
of the on/off switch between bonding and debonding. The reversible dry adhesive property is attributed
to the stiffness change under the varying temperature of the polystyrene microparticle, as well as its

ability to lock a temporary shape and recover to its original shape. The decrease in the modulus/viscosity

of polystyrene microparticles at high temperature improves the surface wetting/contact and enhances
the adhesive bond by contact pressure. Then, when heating above its glass transition temperature after
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bonding, the adhesive recovers to its initial shape, resulting in almost a zero adhesion strength. Besides,

adhesion tests reveal that the magnitude of adhesion variations depends on substrates, contact
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1. Introduction

In nature, many small animals have exhibited reversible dry
adhesion.’”® The unique reversible adhesion ability of gecko, fly,
and spider has attracted tremendous scientific interests from
researchers in different fields.*** In recent years, material
researchers have focused on mimicking the structure of biolog-
ical adhesives to fabricate bioinspired structured surfaces for
“smart” adhesives.’**® This kind of adhesive has a wide range of
applications in automotive assembly,'” removable prosthetics,®
and transfer printing.” It is known that geckos detach their
footpads through mechanical toe actions.”*** But the debonding
of most synthetic adhesives inspired by the fibrillar arrays of
gecko footpads is induced by external peeling forces. Namely, the
synthetic gecko-inspired adhesives are not self-reversible such as
geckos in the process of multiple bonding-debonding cycles.?*>*
Another limitation is that the current production strategy is
mainly based on lithography*>* or soft lithography,***” in which
there are problems in the production efficiency and scalability of
these materials. In order to successfully adopt these materials as
“smart” adhesives, these two limitations must be overcome.
Shape memory polymers (SMPs) are stimuli-responsive
materials that can recover to their initial shapes from
deformed temporary shapes when exposed to appropriate
stimulus.?*** This remarkable capability allows SMPs to serve as
excellent candidates for reversible smart adhesives,**?* espe-
cially microstructured SMP surfaces.*'>'>** Generally, SMPs
depend on a thermal transition, such as glass transition (7y) or
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pressures, and particle sizes. Therefore, as a thermotropic-induced shape memory material, the adhesive
(polystyrene microparticles) can be used to create joints and can be heated to achieve its own restoration.

melt transition (T,,), which induces a large change in the
storage modulus and thus allows the internal stress to be
released from previous deformation. Consequently, the mate-
rial changes its shape and recovers to its original processed
shape.*”*® Since the softened material contributes to surface
wetting and contact, this significant modulus change can also
be used for adhesion and causes a rigid mechanical bonding
upon subsequent cooling.*> When the temperature is higher
than the thermal transition temperature again, the adhesive
film will weaken, leading to debonding.

In this work, we present a novel design strategy for a self-
peeling reversible dry adhesive system that uses shape
memory polystyrene (SMPS) microparticles as adhesion units to
control the adhesive properties. The attachment-detachment
cycles are based on the shape fixation and shape recovery of
SMPS microparticles. The adhesive properties of the proposed
“smart” adhesive are controlled by the particle numbers, and
the reversible adhesion is based on heat-triggered “self-peeling”
that is inspired by the mechanical moves of gecko toes.**** Our
concept and method in this paper have several advantages over
prior methods including: (i) easy control of adhesion offered by
the SMPS microparticles, (ii) simplicity and convenience in the
operation method without expensive micro-fabrication for
patterning, and (iii) suitability for a variety of polymer systems.

2. Experimental section

Materials

SMPS particles with diameters 30 um and 200 pm and 2%
crosslinking density were purchased from Sigma-Aldrich. The
ethyl alcohol and acetone were obtained from Sigma-Aldrich, too.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Preparation

Before the thermal embossing nanoimprint lithography (TE-
NIL) process, the silicon wafers and aluminum sheets used
for depositing particles were successively cleaned by ethyl
alcohol, acetone and deionized water. Secondly, the aqueous
solution containing SMPS particles was dripped through
a dropper onto the silicon wafer and aluminum sheet surfaces.
Thirdly, the silicon wafers and aluminum sheets with the SMPS
aqueous solution were dried for 24 hours at room temperature.
At last, when the deionized water evaporated completely,
desiccative particles that were dispersed on the surfaces of
silicon wafer and aluminum sheet were obtained for the
following adhesion experiment.

Bonding-debonding of microparticles

All TE-NIL procedures were executed through a nanoimprinter
(Eitre 3, Obducat). The condition (140 °C, 4 MPa, 15 minutes)
was used for the 30 um SMPS particles, and the 200 um particles
were processed at 140 °C under 0.7 MPa pressure for 15
minutes. In the TE-NIL process, the 200 um SMPS particles
would be crushed under 4 MPa pressure due to large particle
deformation. Therefore, the pressure was reduced to 0.7 MPa
for 200 um particles as adjustment. TE-NIL is a dependable
preparation method that is able to compress two parallel rigid
sheets using different pressures.**** The bonding and
debonding using SMPS microparticles by the TE-NIL process
are schematized in Fig. 1. Firstly, the SMPS microparticles were
deposited on the silicon and aluminum surfaces via drip-
coating. Secondly, the particles were imprinted with a corre-
sponding flat silicon wafer or aluminum sheet mold under
a pre-set pressure at 140 °C. Finally, the temperature was cooled
to room temperature, while the pressure remained constant.
Then the pressure was released; the temporary disc-like shape
could be fixed, and the two silicon wafers or aluminum sheets
were bonded by the flattened particles. To reverse the adhesion,
the SMPS microparticles were re-heated above their glass tran-
sition temperatures (T,s), which caused debonding due to
shape recovery. For the adhesion tests, the bonded silicon
wafers or aluminum sheets were debonded using a universal
testing machine to determine the adhesive forces.

Characterization methods

Field emission scanning electron microscopy (FE-SEM, JSM-
7401F, JEOL Ltd., Japan) was used to characterize the
morphologies of deformed SMPS microparticles. For the
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adhesion samples, a room-temperature static tensile test was
completed using a universal testing machine (Instron 5965,

Instron Co., USA) at a cross-head speed of 3 mm min~".

Image processing

The areas of flattened SMPS microparticles were measured after
image post-processing by Image] software. In detail, original
SEM images of the SMPS particles were opened using Image].
The areas of the flattened SMPS particles after temporary shape
fixing can be measured based on the distance in the pixels of the
known scale length.

3. Results and discussion

As previously reported, SMPS microparticles (Ty ~ 100 °C)
exhibit very reliable shape memory effect.*” In this study, two
kinds of SMPS particles with different diameters (30 pm and 200
um, respectively) were investigated. Taking the 30 pm SMPS
particle as an example, the large modulus change of SMPS
microparticle is the basis for designing reversible dry adhesive
through programming a temporary shape and recovering to the
permanent shape (shown in Fig. 2). Scanning electron micros-
copy (SEM) images showed that the flattened SMPS micropar-
ticle (Fig. 2a) could recover to its permanent shape (Fig. 2b)
when the deformed microparticle was heated at 140 °C for 1 h.
Fig. 3 shows top-view images of the deformed SMPS particles
with the initial diameter of 30 pm. All the deformed particles are
in close contact with the two silicon wafers on both sides.
Because the number of dispersed SMPS particles (Fig. 3a: 183
particles, Fig. 3b: 42 particles, Fig. 3c: 19 particles) is different
on the silicon substrates, the adhesion areas of the deformed
flattened SMPS particles are different in the same condition
(140 °C, 4 MPa, 15 minutes). From the SEM images Fig. 3a,
b and c, we can figure out the areas of the deformed SMPS
particles are 5.5 x 107> em?, 7.3 x 107> cm® and 9.2 x 107°
cm?, respectively. In addition, the adhesive particles (shown in
Fig. 3b and c) are torn using a universal testing machine when
the adhesive force is tested. Herein, the tear of deformed
particles is due to the relatively large adhesion area and excel-
lent bonding properties between particles and wafers.*>*

The test method of the adhesive force of the bonded SMPS
microparticles to two silicon wafers or aluminum sheets is
demonstrated in Fig. 4. First, two locking type nylon cable tie
belts are cut into appropriate length, and then, a hole is cut in
each belt. Second, the nonbonded face (back-side) of the two
substrates (silicon wafers or aluminum sheets) with the
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Fig. 1 Schematic illustration of the bonding/debonding using SMPS microparticles by TE-NIL.
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Fig. 2 SEM images showing the SMPS particles with 30 um diameter after (a) compression, and (b) shape recovery.

Area: 5.5X10° cm?| b

Area: 7.3X10-° cm?

Si wafer

Original diameter: 30 ym

Fig. 3 SEM images of flattened PS particles after deformation at 140 °C and bonded in the deformed state by cooling below T, with different
adhesive area. (a) Adhesive area: 5.5 x 107> cm?. (b) Adhesive area: 7.3 x 107> cm?. (c) Adhesive area: 9.2 x 107> cm?.

dimensions of 10 x 10 mm are respectively glued to two holed
locking type nylon cable tie belts. Third, the two holed locking
type nylon cable tie belts are respectively tied together with the
other two holed nylon cable tie belts using two nylon ropes.
Finally, the home-made adhesive system was put into
a universal testing machine to obtain the desired adhesive data.

According to the above-mentioned adhesive force test
method, the adhesive properties can be quantified. We per-
formed tests using the 30 pm SMPS microparticle samples with
different number of particles, and the results are shown in
Fig. 5. From Fig. 5a, b and ¢, the maximum tensile stresses
(adhesive forces) of the three SMPS adhesives are, respectively,
1.31N, 0.33 N and 0.17 N, while the corresponding numbers of
the SMPS microparticles between two silicon wafers are 183, 42

19618 | RSC Adv, 2021, 1, 19616-19622

and 19. Herein, the adhesive force decreases with the
decreasing of bonding particle numbers, because of the
reduction of total adhesion area of the bonded SMPS micro-
particles to the substrates. On the basis of the adhesion area of
a single deformed SMPS microparticle calculated in Fig. 3 and
the known number of particles, the total adhesion areas of 1.0
x 1072 em?, 3.1 x 1072 cm? and 1.7 x 10~° cm? are calculated,
which respectively corresponds to the three adhesive systems in
Fig. 5a, b and c. To determine the adhesive performance of the
SMPS adhesive, the adhesive strengths of the adhesive were
calculated using the ratio of the adhesive forces to the total
adhesion areas of the bonded particles. The adhesive strengths
of the three SMPS microparticle adhesives shown in Fig. 5a-c
are 131 N cm 2, 106 N ecm > and 100 N cm ™. The average

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Test method of adhesive performance of the SMPS micropar-
ticles using a universal testing machine.

adhesive strength of the SMPS microparticle adhesives is
112.3 N ¢cm™ 2, superior to other reported biomimetic fibrillar
dry adhesives with adhesion strengths ranging from 0.1 N cm >
to 100 N cm ™~ >.**** Compared to the carbon nanotube adhesive
with the adhesive strength of only about 4 N cm™2,* the adhe-
sive strength of the SMPS microparticle adhesive is unusually
high. To reverse the adhesion, the SMPS microparticles were

—30 um

0.0 05 1.0 15 2.0 2.5 3.0 35

Extension (mm)

(2]

0.20

0.15

0.10

Load (N)

0.05

0.00- —30 um

00 05 10 15 20

Extension (mm)

View Article Online

RSC Advances

heated to 140 °C to recover to their permanent shapes. The
adhesive force was too low that our equipment cannot accu-
rately measure it, and thus, it can be regarded as nearly zero. At
this point, the substrate can easily lift away from the SMPS
microparticle surfaces, as previously reported.*”

In order to further demonstrate the usefulness of this
adhesive, we investigate its performance in bonding other types
of substrate. The adhesive force tests using two aluminum
sheets are carried out. In this system, the 200 um SMPS
microparticles are used, and the adhesion test is performed
under another bonding condition (140 °C, 0.7 MPa, 15
minutes). For this sample, three groups of 200 pm SMPS
microparticles with different particle numbers are placed on the
top surface of the bottom substrate. As can be seen in the SEM
images in Fig. 6, since the number of the SMPS microparticles
varies, the adhesion areas of the flattened particles bonding two
aluminum sheets are also different under the same pressure
(0.7 MPa). Using the Image] software, the calculated areas of the
single deformed SMPS microparticles in Fig. 6a, b and c are 1.0
x 107 em?, 1.1 x 10® cm? and 1.6 x 10 cm?, respectively.

With the single particle area (Fig. 6a—c), the tested adhesive
forces (Fig. 7a-c) and the known particle number (Fig. 7a: 171
particles, Fig. 7b: 122 particles, Fig. 7c: 76 particles), we can
calculate the total adhesion area and investigate the adhesion
capability. From Fig. 7a, b and ¢, the maximum adhesive forces
are, respectively, 0.21 N, 0.15 N and 0.15 N, and the total
adhesion areas are, respectively, 0.17 ecm?, 0.13 cm? and 0.12
cm®. Thus, the adhesive strengths of the three groups of the 200
pum SMPS microparticle adhesives are 1.24 Ncm ™2, 1.15 N em ™2
and 1.25 N cm ™2, respectively. Compared with the 30 pum SMPS
microparticle adhesive, the average adhesive strength (1.21 N

b 0.3s5]
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a) PS microparticle numbers: 183
b) PS microparticle numbers: 42

¢) PS microparticle numbers: 19

Fig. 5 Demonstration of adhesive performance for the 30 um SMPS microparticles with different particle numbers using the Si wafers. (a) 183

particles. (b) 42 particles. (c) 19 particles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Area: 1.0X1023 cm? Area: 1.1X10-3 cm?

Area: 1.6X10-3 cm?

Original diameter: 200 ym

Fig. 6 SEM images of flattened PS particles after deformation at 140 °C and bonded in the deformed state by cooling below Ty with different
adhesive area. (a) Adhesive area: 1.0 x 107> cm?. (b) Adhesive area: 1.1 x 10™° cm?. (c) Adhesive area: 1.6 x 10~ cm?.
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Fig. 7 Demonstration of adhesive performance for the 200 pm SMPS microparticles with different particle numbers using the Al sheets. (a) 171
particles. (b) 122 particles. (c) 76 particles.

ecm™?) of the 200 um SMPS microparticle adhesive is remarkably ~dominant as the particle size decreases.”” The adhesive strength
low. Though the interfacial force is negligible in the bulk shape also depends on the contact pressure during bonding and the
memory effect, interfacial force becomes more and more stimulation time of bonding. A possible explanation for this

19620 | RSC Adv, 2021, 1, 19616-19622 © 2021 The Author(s). Published by the Royal Society of Chemistry
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disparity is that the higher contact pressure of the 30 pm SMPS
microparticles is beneficial to improve adhesive strength rela-
tive to the 200 pm SMPS microparticles.*® Therefore, the contact
pressure plays an important role in the adhesive capacity of the
particles to different substrates.

By using the shape memory property of the polystyrene
microparticle, a switchable microparticle adhesive was realized.
To the best of our knowledge, this is the first demonstration of
shape memory microparticles in the field of reversible dry
adhesives. This study shows that the shape memory effect is not
only effective at the micro-scale, but also can be well applied to
switchable adhesions. The demonstrated adhesive ability indi-
cates that SMPS microparticles have a good potential in appli-
cations requiring a temporary adhesion or an on/off switch for
the adhesion. For instance, its unique structural stiffness,
superior mechanical properties, good machining performance
and strong reversible adhesion to silicon wafer suggests
potential purposes for the packaging of electronics and the
gluing of glass components. Furthermore, this type of reversible
adhesion allows the assembled structures to be easily self-
detachable for maintenance or recycling. This principle is not
only applicable to the SMPS microparticle, but can also be
extended to other material systems that exhibit thermores-
ponsive shape memory behavior.

4. Conclusions

In summary, SMPs can provide excellent bonding property
because of their shape memory effects and variable moduli
under temperature changes. This paper proposes an adhesive
unit based on polystyrene microparticle (30 pm or 200 um in
diameter) that is capable of repeatable smart adhesion and
exhibits reversible adhesion under heating. The pull-off adhe-
sive strength of our unique polystyrene microparticle adhesive
to silicon wafers can reach above 100 N cm ™2, far exceeding that
of most other reusable macro-scale dry adhesives. When
detachment is required, the adhesive force can be reduced to
negligible levels after heating. Compared with the current
reversible adhesives, our adhesive system has many advantages,
such as low cost of raw materials, simple using method, strong
adhesive strength, facile adhesion elimination on demand,
excellent mechanical performances and good reusability.
Overall, we believe that the ability of this reversible dry adhesive
is useful not only for further study into responsive material-
based dry adhesives with reversible adhesion switching and
self-detaching, but also for a broad range of applications in
electronic packaging, biomedical devices and household
products.
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