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ARTICLE INFO ABSTRACT

Article history: Micropatterned dry adhesives are promising candidates for the development of innova-
Received 30 June 2018 tive adhesive platforms. Their reversible adhesion to various materials and surfaces has
Revised 3 September 2018 been reported over more than a decade. Switching between a strong and a weak adhe-
Acc.epted > S?ptember 2018 sive state can be introduced by elastic buckling instabilities of the microstructure. In this
Available online 6 September 2018 . . . . .
work, we report on novel adhesive pads that exhibit micropatterned pillars on both sides.
In double-sided PDMS micropatterns, the dimensions of the pillar structures were tuned
by modulating the critical force for buckling during compressive loading. In this way, se-
lective detachment of glass substrates was induced from one side of the pad. Our results
indicate a significant switching efficiency of up to 83% between the strong and weak ad-
hesive state. The new structures have high potential for emerging applications where tem-
porary, double-sided fixations in combination with a predetermined detachment location
are required.
© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The continuous trend of industrial automation requires innovative pick-and-place handling systems. Inspired by concepts
in nature, micropatterned dry adhesives can generate strong and reversible adhesive forces to manifold materials, which
recommends them as materials in new handling devices (Autumn et al., 2000; Arzt et al.,, 2003; Hui et al., 2004; Mengii¢
et al,, 2012). The adhesion originates mainly from short-range van der Waals interactions, which are omnipresent between
solids, even in vacuum (Autumn et al., 2002; Huber et al.,, 2005). The adhesive performance of the microstructures can
be predicted by contact mechanics theory, which involves materials properties and geometrical structure (Hensel et al.,
2018; Balijepalli et al., 2017; Fischer et al., 2017). In addition, variations of these parameters provide strategies to tune the
adhesion performance or even to switch between adhesive and non-adhesive states. For such devices, actuation will be
controlled by external triggers and should be temporary and reversible. Examples range from temperature-sensitive shape
memory materials, (Frensemeier et al., 2015; Eisenhaure and Kim, 2014; Eisenhaure et al., 2013; Reddy et al., 2007; Zhao
et al,, 2017; Ye et al,, 2016; Kim et al.,, 2009) through responsive materials which undergo shape changes in the presence
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of magnetic (Northen et al., 2008; Drotlef et al., 2014) or electromagnetic (Kizilkan et al., 2017) fields to materials changing
their mechanical properties at different pH values (Ma et al., 2017).

A robust mechanism for temporal control of adhesive performance is a mechanical stimulus in the form of a compressive
overload (Purtov et al., 2015; Varenberg and Gorb, 2008; Paretkar et al., 2013; Isla and Kroner, 2015; Paretkar et al., 2011). A
‘small’ compressive preload is typically required to bring the adhesive surface into full contact with the target object. A ‘high’
compressive load, by contrast, will lead to an elastic instability of the fibrillar structures that, in turn, results in a reduction
of the contact area accompanied with a loss of adhesion strength (Stark et al., 2012). This effect was first observed by
Glassmaker et al., who tested nominally flat, micropatterned adhesives using spherical objects that resulted in non-uniform
loading of the microstructures (Glassmaker et al., 2004). The elastic instability of a microscopic pillar under compressive
load is known as Euler buckling. The critical load, P, for buckling of an array of n pillars is given by

2

p=nT 2 (1)
where E is Young’s modulus, I = w14/4 the second moment of inertia of a circular pillar with radius r, h is the height of the
pillar and « a constant depending on the boundary condition (Stark et al.,, 2012; Hui et al., 2007). It should be noted that
the Euler theory is strictly valid only for pillars with aspect ratios h/2r larger than about ten (Biot, 1963; Bauer et al., 2015).
For smaller aspect ratios, the critical load is higher than determined by the Euler theory, but trends are similar: The critical
load increases for thicker, shorter and stiffer pillars and with increasing number of pillars under compression (Hui et al.,
2007). Note that with decreasing aspect ratio, the buckling changes from bending into a shear-type buckling, and, due to
the continuous transition, a limit for pure bending buckling cannot be given (Biot, 1963). Experimentally, bending buckling
of elastic pillars was frequently reported for aspect ratios down to two (Varenberg and Gorb, 2008; Paretkar et al., 2013;
Paretkar et al., 2011). Kroner et al. successfully demonstrated repeatable switching of the adhesion performance for pick-
and-place applications over several cycles, controlled only by compressive overloading without additional stimuli or the use
of responsive materials (Purtov et al., 2015; Isla and Kroner, 2015).

In this paper, we extend this approach to double-sided micropatterned adhesive pads. We fabricated specimens with
different pillar dimensions on the two sides of the device to design it for selective buckling on one side only. The adhe-
sion performance of entire specimens and the switching efficiency was tested with glass substrates as target objects by
varying the compressive preloads, followed by measuring the adhesion strength. Based on this approach, we demonstrate a
predictable release mechanism for temporarily fixed objects with high potential for industrial applications.

2. Materials and methods
2.1. Fabrication of double-sided micropatterned dry adhesives

Double-sided micropatterned dry adhesives were made from polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning,
Midland, MI, USA). The base to curing agent of the two-component prepolymer was mixed in a 10:1 ratio for 3 min using a
SpeedMixer (DAC600.2 VAC-P, Hauschild Engineering, Hamm, Germany) with a rotation speed of 2350rpm at 1 mbar. The
mixed prepolymer was poured into a pre-fabricated aluminum mold that consisted of two templates with hexagonally ar-
ranged microholes of diameter 400 pm. The microholes covered an approximately circular area with a diameter of 28.8 mm.
The templates were arranged opposite to each other with a spacer in between (see Fig. 1a). The prepolymer was poured into
the mold and degassed at 1 mbar until air bubbles disappeared. Then the prepolymer was cured at 75°C for 4h. As a next
step, mushroom tips were added to the pillar structures by the inking method (Del Campo et al., 2007). A 100 um-thick
layer of a freshly mixed prepolymer was coated onto a glass plate using doctor blade (Erichsen GmbH & Co. KG, Hemer,
Germany). The micropatterned specimens were dipped into the prepolymer film, retracted, immobilized on a (tridecafluoro-
1,1,2,2-tetrahydrooctyl)-trichlorosilane coated glass substrate (AB111444, abcr GmbH, Karlsruhe, Germany) and subsequently
cured at 75°C for 4h. This step was repeated for the opposite micropatterned surface of the specimen. The dimensions of
the specimens obtained from this process were characterized using electron and optical microscopes. The dimensions of the
specimens are summarized in Table 1.

2.2. Adhesion measurements

Adhesion tests were performed with a tensile tester (Inspekt table BLUE, Hegewald & Peschke, Nossen, Germany)
equipped with a 50N load cell. The tensile tester was modified to perform adhesion tests of the double-sided specimens be-
tween two smooth and nominally flat glass substrates (see Fig. 1d). A mirror and a camera were mounted below the lower
transparent glass substrate, which was connected to a 8-¢-goniometer (MOGO, Owis, Staufen im Breisgau, Germany) to align
the substrate with the specimen. The compressive preloading was displacement-controlled at a velocity of 10 mm/min. Once
the set displacement was achieved, the upper glass plate was withdrawn at a velocity of 100 mm/min and the forces were
recorded. For all measurements the maximum tensile force (called pull-off force), the compression depth and the face of the
specimen at which detachment occurred were recorded. Before each measurement, substrates and specimens were cleaned
with isopropanol.
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Fig. 1. Molding and characterization of double-sided micropatterns. (a) Process schematic for fabrication. The aluminum mold consists of two templates
with microhole arrays. The templates are arranged opposite to each other with a spacer in between. After curing, mushroom tips are added to the pillar
faces via inking technique, followed by another curing step. (b) Electron micrograph showing cross-section of specimen #1 (see Table 1). (¢) Photograph
of a side view of specimen #6. The diameter of the circular, micropatterned area is 28.8 mm. (d) Schematic illustration of the adhesion test setup with
two nominal flat and smooth glass substrates between which the specimen is placed and loaded. Note that the nominal areal density is the same for all
specimens.

Table 1

Pillar height and diameters in the manufactured specimens. Type 1 specimens have similar stalk diameter on both faces, whereas type 2
specimens have similar pillar heights. Bold numbers highlight dissimilar dimensions between opposite faces of the double-sided adhesive pads.

#  Type Pillars at face 1 Pillars at face 2 Interlayer thickness (mm)

Height (um)  Stalk (um)  Mushroom (um)  Height (um)  Stalk (um)  Mushroom (pm)

1 1 830 400 575+30 1600 400 650 +£50 1
2 1 760 400 600+30 1550 400 675+10 2
3 1 845 400 500+50 1630 400 650450 3
4 1 785 400 500+50 1530 400 550450 5
5 1 700 400 575+50 1570 400 650 +£50 5
6 2 1600 800 900 +50 1600 400 500+30 1
7 2 1620 800 950+ 100 1480 400 580+ 10 5

3. Results and discussion

Two different types of adhesive pads with micropatterns on opposite faces were fabricated using a combination of mold-
ing and inking techniques (Fig. 1a and Table 1). Specimens designated as type 1 had similar stalk diameter of about 400 um
but varying pillar heights between 700 and 1630um on each face of the adhesive pad (Fig. 1b). Specimens designated as
type 2 had similar pillar heights of about 1600 um but varying stalk diameters of 400 and 800 um (Fig. 1c). In addition, the
elastic layer separating the two micropatterned faces was varied between 1 and 5 mm. The diameter of the mushroom tips
varied between 500 and 650 um for specimens with 400 um pillar diameter and between 900 and 950 um for 800 um pillar
diameters. In addition, the diameter of the mushrooms varied throughout the arrays as is apparent from high standard de-
viations (see Table 1). These variations were most likely caused by irregular amounts of prepolymer solutions during inking
of each individual pillar.

The adhesive performance of all specimens was tested by normal loading between two smooth, nominally flat glass
substrates (Fig. 1d). Fig. 2 shows typical force-displacement curves for specimen #6, with tensile forces shown as positive
and compressive forces as negative values. At zero displacement, the adhesive pad contacted both substrates. On subsequent
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Fig. 2. Adhesion tests with and without buckling. (a) Force as a function of displacement for specimen #6. Tensile forces are shown as positive, com-
pressive forces as negative values. The adhesive pad was in contact with both substrates at zero displacement. The purple squares represent an adhesion
test without buckling of the structure, leading to high adhesion (Fyg); the brown circles show a test with buckling, with a much-reduced adhesion value
(Fiow)- (b) Loading and unloading curves for measurements without buckling and upon unbuckling. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 2

Buckling analysis. The values for the theoretical (Fy, theor) and experimental (F,) buck-
ling loads are summarized. The theoretical buckling load was calculated using Eq. 1 and
o = 2. Based on the buckling F, and unbuckling F,;, loads experimentally obtained, «},
and «,;, were calculated, respectively. For the dimensions of the specimens see Table 1.

# Fp, theor (N) Fyp (N) ayp Fup (N) Oy
1 342 447 2.62 18.9 1.10
2 36.4 441 243 191 1.05
3 32.9 45.2 2.75 22.2 135
4 374 36.7 1.97 16.8 0.90
5 35.5 31.8 1.80 153 0.86
6 34.2 333 1.95 16.3 0.95
7 40.0 29.0 1.46 15.2 0.76

compression, the load increased linearly, confirming structural integrity and good alignment of the micropatterns. Two types
of experiments were performed in this configuration:

1 Testing within the strong adhesion range:
The displacement was at first limited to -0.25mm, which resulted in a compressive preload of -15N. Within this
range, the behavior of the pillar remained approximately linearly elastic and, upon retraction, a maximum tensile
force (pull-off force, Fygp,) of about 20N was recorded (purple squares in Fig. 2).

2 Testing in the weak adhesion range:
In a second experiment with the same specimen in the same configuration, the compressive displacement was in-
creased to -0.9 mm (brown circles in Fig. 2). Again, the force increased linearly up to a preload of —34N at a dis-
placement of -0.45 mm. With further compression, a drastic reduction of the compressive load down to -15N and a
large increase of the compliance occurred, which signified the elastic instability during buckling of the pillars. The
critical load obtained in the experiment, Fy, is similar to the theoretical buckling load, Fy ¢eor, 0f 342N (see Table 2)
calculated using Eq. (1) with n=1257, a =2, E =2.8MPa, I =1.26-10°um?*, and h = 1600 um. During unloading,
the forces were at first almost constant before the structures recovered elastically at the unbuckling force, F,;. At the
displacement of -0.25 mm, the force reduced linearly with continuing retraction. Fig. 2b shows similar slopes of the
unloading curves with and without buckling indicating that most structures snapped back into contact during un-
buckling. However, a pull-off force (F,,) of only about 9N was obtained, which is about half of the value in test 1.
This reduction is most probably related to the loss of intimate contact between the pillars and the substrate during
buckling, though structures reattached during unloading. Such a behavior has been repeatedly discussed, see e.g. refs
(Varenberg and Gorb, 2008; Paretkar et al., 2013; Paretkar et al., 2011; Stark et al., 2012; Paretkar et al., 2011; Barreau
et al.,, 2016).
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Fig. 3. Pull-off force in terms of displacement for (a) specimen #2 and (b) specimen #6. Filled purple squares highlight the detachment at pull-off from
face 1, unfilled brown squares from face 2. The dashed lines represent the sigmoidal fits (see main text). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

The buckling load (Fj,) during loading was almost twice compared to the unbuckling load (F,;) during unloading. This
buckling hysteresis is related to the fact that the boundary conditions («) were different for the buckling (1.46 < o), <2.75)
and unbuckling (0.76 < oy, < 1.35) events (Table 2). The change of the boundary condition is related to the adhesion of the
pillars to the substrate that must be overcome for buckling, which is not true for the unbuckling, as reported earlier (Stark
et al., 2012; Hui et al., 2007). Therefore, the boundary condition changed from a clamped - pinned (C-P), i.e. « = 2, into a
double pinned (P-P), i.e. o = 1, configuration for buckling and unbuckling, respectively. Note that the origin of deviations
obtained could be caused by several reasons such as differences of the interlayer thickness, size of the mushroom tips, or
inhomogeneous micropatterns; however, significant trends were not identified.

Fig. 3 shows the pull-off forces in terms of negative displacements and the face at which the pad detached from the glass
substrate. Fig. 3a displays the results obtained for specimen #2 with similar pillar diameters on both sides, but different
pillar heights. The same test types as above were performed. After small compressive loading, a pull-off force of about 23N
was achieved. The adhesive pad always detached from face 1. Inspection of Table 1 shows that the pillars on face 1 were
shorter (by a factor of 2) and had smaller mushroom tip diameters (600 versus 675um). Based on the model proposed by
Balijepalli et al. (2016) and Hensel et al. (2018) adhesive forces for the two faces were calculated by the following equation:
Foign (D) = (0.6AvEw)/(D%406[0-094g) where D is the diameter of the mushroom, E* = 2.8 MPa is the equivalent modulus for
PDMS, w = 10mJ/mm? is the thermodynamic work of adhesion, I = 1 m is the length of the initial crack, A is the real
contact area, and d is the numerical coefficient reported in ref. (Balijepalli et al., 2016). For D = 600 um, d = 0.1 and the real
area of the adhesive pad with 1257 fibrils was A = 3.5510~4m?2. For D = 675 um, d = 0.07 and A = 4.510~%m2. As result,
the theoretical adhesive forces were Fy;y, (600 um) = 18.4N and Fy;e, (675 wm) = 30.3 N, which is in the same order as the
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Table 3

Switching efficiency. Pull-off forces of the adhesive state without buckling, Fy;gn, and of
the non-adhesive state upon buckling, Fj,,, and the switching efficiency, S, determined
by S =1 — Fou/Fign- The face of detachment upon buckling was always face 2. For the
dimensions of the specimens see Table 1.

# Fhign (N) Fiow (N) S =1 — Fiow/Fhign
1 183 49 0.73
2 228 39 0.83
3 14.8 6.9 0.53
4 18.4 8.9 0.52
5 215 5.5 0.74
6 20.8 8.8 0.58
7 21.8 5.0 0.77
a b release from object

- i

C release from substrate

Fig. 4. Application of double-sided, structured adhesive pads. (a) Photograph displays a cell phone reversibly and temporarily attached to a glass sheet.
(b,c) Photographs show the preferred detachment due to buckling (red arrow) from (b) the cell phone and (c) the glass sheet depending on the orientation
of the double-sided pad. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

value obtained experimentally. Thus, face 2 (D = 675 um) of specimen #2 was more adhesive and detachment occurred
from face 1.

At a displacement between -0.75 and —1mm, the transition from high (Fe, = 23 N) to low pull-off forces (Fg,, = 4N),
associated with buckling, was observed. The selective detachment now switched from face 1 to face 2, where the taller
pillars buckled.

A similar behavior was found for specimen #6 exhibiting similar pillar heights on both sides, but different diameters
(Fig. 3b). Again, for small compressive displacements, a highly adhesive state was obtained. The pad detached at face 1,
which exhibited the array with fewer pillars of larger diameters. This results in less adhesion because the adhesion strength
is generally smaller for larger pillars (Hensel et al., 2018; Greiner et al., 2007). The transition from the strongly adhering
(21N) to the weakly adhering (9N) condition occurred at a displacement between -0.6 and -0.8 mm. Upon the transition,
detachment from the substrate occurred at face 2 due to the lower critical load of 33.3 N against buckling for the thinner
pillars compared to the thicker pillars with a theoretical critical load of 178 N, although the number of pillars, n, was larger
at face 2.

In the high adhesive state, pull-off forces (Fpg,) were insensitive to displacement due to the ‘flat-flat’ configuration used
in the adhesion test and the smooth surfaces of specimens and substrates that results into similar contact areas with varying
preloads. During the transition from high to low adhesive state, adhesive force decreased with increasing displacement
related to a higher fraction of buckled structures. In the low adhesive state, all structures were detached upon buckling
and pull-off forces (Fj,,) were again insensitive to displacement. The transition from the highly adhesive to the weakly
adhesive state was fitted using a sigmoidal function P = [F, + (Fyigh — Fow)1/[1 +€xp((A — Ag)/dA)], where P is the pull-
off force, A is the displacement and Fy;e, and Fy,, are the asymptotic values that characterize the pull-off forces of the
high and low adhesive state, respectively (Fig. 3). The switching efficiency, S, between the two states was calculated as
S =1—Foy/Fign and the values are summarized in Table 3. For all specimens, S was larger than 0.5 with a maximum
of 0.83. Interestingly, we found no differences between the two different types of double-sided adhesives. Upon buckling,
the detachment occurred always at face 2. Also, the interlayer thickness between the two micropatterned surfaces did not
influence the result systematically.
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It is notable that the highest pull-off forces upon buckling, F,,,, were obtained for specimens #4 and #6, with values
of about 9N. Here, the structures exhibited the smallest mushroom tips with diameters of about 500 to 550 um. In con-
trast, the lowest post-buckling pull-off force was obtained for specimen #2 with large mushroom tips with diameters about
675 £ 10 um. Thus, mushroom tips play a dual role in determining the detachment behavior: in the range of strong adhesion,
wide tips favor adhesion; in the weak adhesion range, wide tips result in smaller adhesion forces, presumably because they
more efficiently prevent snap back into adhesive contact with the substrate during un-buckling.

The selective detachment functionality described here can be of interest for practical applications. For example,
Fig. 4 demonstrates the attachment of an object to a glass substrate. Due to the arrangement of the double-sided pad with
the face with reduced buckling resistance (face 2), the preferred detachment upon buckling could be controlled. Depending
on the orientation of the pad, the object was released from the glass substrate with (Fig. 4b) or without the pad (Fig. 4c).

4. Conclusion

We presented a study on the adhesion of double-sided micropatterned dry adhesive pads and their potential to provide
selective detachment by elastic buckling instabilities. The adhesion after various compressive displacements was tested for
different dimensions of the adhesive structures. In this way, the switchability between two adhesive states could be utilized
to result in asymmetric detachment. The following conclusions can be drawn:

- Mechanical compression of micropillars can lead to elastic buckling, which results in a reduced adhesive performance
and thus to easier detachment from substrates.

- To implement distinct resistance against buckling, two types of micropatterned adhesives were successfully tested -
the variation of the pillar diameter and the pillar height. Both concepts led to similar results regarding the switching
efficiency between a weak and strong adhesive state.

- The adhesion force upon un-buckling is most probably controlled by the dimension of the mushroom tips: larger mush-
rooms seem to more efficiently prevent the re-attachment to the target object.

- The thickness of the interlayer was not identified as a key parameter.

The results suggest that by tuning the dimensions of each face of a double-sided dry adhesive pad, the critical load for
buckling and the preferred face of detachment can be selectively adjusted. This may open applications for smart temporary
fixations even in vacuum.
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