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Anisotropic Stiffness Adhesives for High Shear Forces

on Soft Substrates

Peter van Assenbergh,* Frank Haring, Joshua A. Dijksman, and Dimitra Dodou

Reversible attachment on soft substrates is useful in a range of applications,
including soft robotics and soft-tissue surgical instrumentation. On rigid sub-
strates, the use of micropatterned adhesives has been extensively explored.
It has been shown that surface micropatterns provide conformability, thereby
enabling the formation and preservation of contact with the substrate. On
soft, deformable substrates, on the other hand, surface micropatterns largely
lose their functionality. Alternative mechanisms have to be explored to maxi-
mize conformability and thus formation and preservation of contact on soft
substrates. 3D-printing is used to fabricate adhesives with internal cylindrical
pores of various configurations leading to different combinations of high/low

requires two phenomena to take place:
contact formation between the adhesive
and the substrate and preservation of the
formed contact when external loads are
applied.>®l Consequently, for strong, yet
reversible attachment, an adhesive should
fulfil two contradictory properties simulta-
neously: high deformability in the normal
direction, leading to a large contact forma-
tion, and low deformability in the loading
direction, leading to preservation of the
formed contact when loads are applied.”!
The presence of such direction-dependent

normal/shearing stiffness, and shear forces are measured on glass and on
soft elastomeric substrates. On the glass substrate, shear forces are highest
for the adhesives with the lowest normal stiffness, independently from their
shear stiffness. On the soft substrates, the highest shear forces are achieved
for the adhesives combining low normal stiffness, enabling contact forma-
tion, with high shear stiffness, promoting contact preservation. The beneficial
effect of such anisotropic stiffness on shear forces increased with the deform-

ability of the substrate.

1. Introduction

1.1. Patterned Adhesives

Temporary attachment to substrates is useful in a range of
applications, such as robotic devices performing pick-and-
place tasks, climbing robots, biomedical applications such as
skin patches, and fastening products on tilted or vertical sub-
strates.' Successful attachment of an adhesive on a substrate
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stiffness in a material is commonly
referred to as “anisotropic stiffness”.[®*!
Dry adhesives are typically patterned
with repetitive microscale elements such
as pillars, spatulas, or mushrooms./0-
Alternatively, patterning adhesives with
wrinkles has been proposed for control-
ling attachment.>™] When attaching to
hard substrates, such surface (micro)pat-
terns are associated with high adaptability
to the substrate roughness and low effec-
tive elasticity of the adhesive, leading to better contact forma-
tion than unpatterned adhesives.>!"18] Additionally, surface
micropatterns allow for a more uniform stress distribution than
unpatterned adhesives, which contributes to better preservation
of the formed contact.>*!"18 Furthermore, the contact of sur-
face micropatterns with the substrate is split up into multiple
contact points. When locally a contact point detaches, the stress
is globally rebalanced over the remaining contact points, inhib-
iting the propagation of the defect.[®111819 Additionally, contact
split-up in multiple smaller contacts results in a drastic increase
of contact line length, and thus higher separation strength.["”]
On soft substrates, surface micropatterns might be expected
to lose at least some of their advantageous properties of forming
and preserving the contact over unpatterned surfaces. Contact
formation between a soft substrate and an adhesive is likely to
be primarily promoted by the substrate’s deformability, and so
the presence of a surface micropattern might not be particularly
contributing to contact formation compared to an unpatterned
surface. For the preservation of contact between a soft substrate
and an adhesive, the presence of a surface pattern might be even
disadvantageous, because the splitting up of the contact into
numerous finer elements leads to a non-uniform stress distri-
bution at the adhesive-substrate interface, with local peak forces
at the perimeter of each contact point,?°?2l which increase the
risk of crack initiation under stress. Additionally, as Cheung
et al. showed, on soft polyurethane substrates with a thickness
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larger than 2 mm, the detachment of individual microscale
cylindrical pillars led to local redistribution of stresses among
neighboring pillars.?}l Therefore, detachment of a single pillar
induced detachment of the neighboring pillars and subsequent
propagation of the defect throughout the whole adhesive.

1.2. Internal Geometry

Beside the surface pattern of adhesives, also the internal prop-
erties of the adhesive can be designed to realize the anisotropic
properties required for good grip. For example, Bartlett et al.
fabricated elastomeric adhesive pads, and internally reinforced
them by incorporating stiff carbon fibres, aligned with the shear
direction.! The presence of these fibres resulted in a drastic
increase in generated shear forces compared to elastomeric
pads without reinforcement, because the low stiffness in the
normal direction allowed for high contact formation, and the
high stiffness in the shear direction enabled efficient preserva-
tion of contact under shear loading. Micropillar reinforcement
by incorporating directional stiff fibers,?¥l or by embedding
hard nanoparticles in micropillars!?®! has been also shown to
prevent deformations that may cause loss of contact.

Anisotropic properties in materials have also been realized
without implementation of a second, reinforcing component.
For example, Tramsen et al. encased granules in an elastic mem-
brane, and showed that high friction forces are generated due to
conformation of the elastic membrane to substrate irregularities,
and stiffening of the adhesive due to jamming of the granular
component under normal loads.?%l Alternatively, the presence of
a flat terminal layer topping a microstructure has been shown to
benefit the shear performance of adhesives on hard substrates.
He et al. fabricated micropillar arrays topped with a terminal
layer, and attributed the higher shear forces found compared to
micropillar arrays without a terminal layer to energy loss due to
elastic deformations of both the sub-surface structures and the
terminal layer during peeling off, reattachment of the terminal
layer during sliding, and internal sliding of the sub-surface struc-
tures along each other.””] The presence of multiple peeling fronts
when applying load in the normal or shearing direction has been
also suggested to result in a drastic increase of the peeling line
length, and therefore in higher pull-off or shear forces.[82%]

In earlier work, we showed that, on soft substrates, micropat-
terned adhesives consisting of arrays of closely-packed spher-
ical dimples, topped with a terminal layer generate higher shear
forces than unpatterned adhesives as well adhesive with the
same dimple micropattern but without a terminal layer.?% It is
likely that the presence of a terminal layer results in contact for-
mation similar to that of an unpatterned adhesive of the same
dimensions. Additionally, the low stiffness of the thin terminal
layer in the normal direction in combination with the high
shear stiffness from the internal cavity walls allows for contact
preservation during sliding.”-2%3% These results suggest that
anisotropic stiffness enabled by a combination of an internal
spherical cavity with a thin, deformable terminal layer can be
beneficial for generating high shear forces.

An easy method to fabricate structures with internal geometry
is 3D printing. 3D printing has been used to fabricate porous
structures with anisotropic properties.?’34 Such anisotropic
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materials are applied as, for example, porous template scaf-
folds for tissue engineering.>>3 In such scaffolds, porosity
has a function to maximize permeability (which is crucial for
cell growth and transport of nutrients and metabolic waste),
but also to match the scaffold mechanical properties with those
at the implantation site.>>*”] Duoss et al. independently varied
the shear and normal stiffness of elastomeric structures by 3D
printing porous architectures consisting of stacked rasters of
long filaments with diameters of 100-610 pm.38!

Here, we use 3D printing to fabricate adhesives with
porosity-induced anisotropy and use their architecture to
obtain mechanical properties suitable for generating grip on
hard and soft substrates. Anisotropic properties were realized
by 3D printing adhesives containing internal horizontal cylin-
drical pores to control the stiffness in shear and normal direc-
tion. The samples were 3D-printed from a single material. We
measured shear forces of 3D printed anisotropic adhesives with
different architectures, resulting in various stiffness degrees, in
the shear and normal direction. Shear forces were measured on
rigid glass substrates as well as on deformable poly-dimethox-
ysiloxane (PDMS) substrates.

2. Results

2.1. Fabricated Adhesives
2.1.1. Fabrication

Table 1 shows the internal and external geometry of the
four sample types fabricated using stereolithographic pro-
cessing. The adhesives were 20 X 20 X 5 mm?® in size
(length x width x height) and contained either a single row
of cylindrical pores of 2.7 mm in diameter separated by pore
walls with a 0.5 mm thickness at their thinnest position, or a
double row of pores of 1.28 mm in diameter separated by pore
walls with a 0.15 mm thickness at their thinnest position. The
adhesives with a single and double row of pores contained
overhangs of 2.7 and 1.275 mm, respectively. Two types of adhe-
sives with a single row of pores were fabricated: one with pores
aligned pores aligned parallel to the pulling direction x (SR-X)
and another with pores aligned orthogonally to the pulling
direction (SR-Y). Adhesives with a double row of pores were
fabricated with pores aligned orthogonally to the pulling direc-
tion (DR-Y). Isotropic adhesives, without an internal geometry,
were fabricated as reference samples (REF).

The four internal geometries were combined with three
types of external (surface) geometries: unpatterned (UNP),
a pattern of circular posts with a diameter of 0.5 mm and a
height of 0.5 mm (PIL), and a pattern of conical pillars with a
diameter of 0.5 mm at the base and 0.2 mm at the top, tilted
45° in x-direction (HKS).

2.1.2. Mechanical Characterization
Figure 1 shows the adhesives with four different internal geom-

etries, without any loading (top picture), with a normal load of
6 N (middle picture) applied via a cylindrical weight and with

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 1. Photographs of 3D-printed adhesives with different internal geometries. In shear force measurements, samples were placed on the substrate
with the surface pattern facing down, and pulled in the x-direction. Scale bar of internal geometries = 5 mm; scale bar of surface patterns =1 mm.

Internal geometries

Surface patterns

REF
No internal pores

SR-Y

Single row of 2.7 mm diameter cylindrical
pores, aligned orthogonally to the pulling
direction x

SR-X

Single row of 2.7 mm diameter cylindrical
pores, aligned parallel to the pulling
direction x

DR-Y

Double row of 1.275 mm in diameter
cylindrical pores, aligned orthogonally to
the pulling direction x

W

UNP
Unpatterned

PIL
Circular pillars with a diameter of 0.5 mm
and a height of 0.5 mm

HKS
Conical pillars with a diameter of 0.5 mm
at the base and 0.2 mm at the top, tilted
45° in x-direction

a shear load of 6 N (bottom picture). For each internal geom-
etry, the structural stresses under an applied shear load of 6 N,
as predicted by Finite Element Analysis (FEA), are shown. In
FEA, we fixated the contact surface of the adhesives, so shear
deformations occur in the bulk of the adhesives. In Table 2, the
corresponding deformations of the adhesives under the applied
loads, both in shear and normal direction, are reported.

FEA predicted that the adhesive with internal geometry REF
distributes stresses throughout the bulk without local stress
concentration. Experimental shear loading of this adhesive con-
firmed that it had the highest shear stiffness out of the four
internal geometries.

For geometry SR-Y, FEA predicted that, under a shear force
of 6 N, stresses in the internal walls are high. As it can be seen
in Figure 1, the terminal layer experiences lower stresses in

the shear direction. Stress concentrations in the terminal layer
are present underneath the internal pore walls. Shear loading
of geometry SR-Y resulted in a shear deformation of 1.5 mm,
caused by lateral tilting of the internal pore walls (Figure 1).
Loading this geometry in the normal direction led to bending
of the pore walls into an s-shape.

For geometry SR-X, FEA showed that lateral deforma-
tions under a shear force of 6 N are limited to 0.17 mm. In
the terminal layer, longitudinally shaped stress concentrations
were predicted, located underneath the pore walls. The cor-
responding empirical data showed that this geometry had the
same normal stiffness but higher shear stiffness than the SR-Y
geometry (Table 2).

For geometry DR-Y, FEA predicted that internal stress con-
centrations occur in the pore walls and are the highest closer
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Figure 1. Adhesives with four internal geometries under no load, normal load, and shear load (from top to bottom), and stresses calculated with
Finite Element Analysis (FEA) in bottom and side view graphical representations. The geometries with a single row of pores (SR-X and SR-Y) have the

lowest normal stiffness. Scale bars are 5 mm.
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Table 2. Experimentally determined deformations for the four internal
geometries under a load of 6 N in normal and shear direction and cor-
responding calculated compliance k of the geometries.

Normal direction Shear direction

Deformation [mm]  kpormal [KN m™]  Deformation [mm]  kgpeor [kN m™]
REF <0.1 >60 <0.1 >60
SR-Y 1.5 4 1.5 4
SR-X 1.5 4 <0.1 >60
DR-Y 0.45 13.33 0.8 7.5

to the point where the shear load is applied on the adhesive.
At the adhesive surface, stress concentrations are longitudinally
shaped, and aligned with the pore direction. Empirical testing
of this geometry showed that the shear stiffness of this geom-
etry was in between the shear stiffness of the two single-pore
row internal geometries.

2.2. Shear Forces on a Glass Substrate

Figure 2 shows the shear forces on glass for the adhesives
without external geometry (UNP) as a function of internal
geometry.

A two-way ANOVA for surface pattern (UNP, PIL, and HKS)
and internal geometry (REF, SR-Y, SR-X, and DR-Y) showed
significant main effects for both the surface pattern, F(2108) =
209.09, p < 0.001, and the internal geometry, F(3,36) = 62.01,
p < 0.001. An interaction effect of the surface pattern with the
internal geometry was also found, F(6108) = 110.09, p < 0.001.

Post-hoc analysis per external geometry group showed that,
among the UNP adhesives, internal geometries SR-X and SR-Y
generated significantly higher shear forces than DR-Y and
REF (p < 0.001). Among the PIL adhesives, all three internal
geometries generated higher shear forces than REF, with
SR-Y resulting in significantly higher shear forces than DR-Y
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Figure 2. Shear forces of the four internal geometries, grouped by
external surface pattern, on a glass substrate.
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Figure 3. Shear forces of the four internal geometries and unpatterned
surface geometry, grouped by PDMS substrate. The corresponding data
for adhesives with surface patterns of pillars or hooks are presented in the
supporting information (Figure S2, Supporting Information).

(p < 0.001). Among the HKS adhesives, no significant differ-
ences among the four internal geometries were observed.

Post-hoc analysis per internal geometry group showed that
all four internal geometries with UNP surface generated higher
shear forces than the corresponding internal geometries with a
HKS surface (p < 0.001). SR-X and SR-Y with UNP surface also
generated higher shear forces than the corresponding internal
geometries with surface PIL (p < 0.001). SR-X, SR-Y, and DR-Y
with surface geometry PIL generated higher shear forces than
the corresponding internal geometries with surface geometry
HKS (p < 0.001).

2.3. Shear Forces on PDMS Substrates

Figure 3 shows the shear forces of adhesives with surface UNP
as a function of internal geometry on PDMS substrates of three
stiffness degrees.

A two-way ANOVA of shear forces of adhesives with surface
UNP for substrate (PDMS-10, PDMS-20, and PDMS-30) and
internal geometry (REF, SR-Y, SR-X, and DR-Y) showed main
effects for both the substrate, F(2, 108) = 325.7, p < 0.001, and
the internal geometry, F(3108 = 22.31, p < 0.001, as well as an
interaction between substrate and internal geometry, F(6, 108 =
8.68, p < 0.001.

Post-hoc analysis showed that significantly higher shear
forces were generated on PDMS-30 than on PDMS-10 and
PDMS-20 for all adhesives (p < 0.001), except for geometry
REF, which did not generate significantly higher shear forces
on PDMS-30 then both single-pore row adhesives on PDMS-20.

Geometries SR-X and SR-Y generated significantly higher
shear forces on PDMS-20 then all four internal geometries on
PDMS-10. Additionally, geometry DR-Y on PDMS-20 outper-
formed SR-Y and DR-Y on PDMS-10, and geometry REF on
PDMS-20 outperformed DR-Y on PDMS-10 (p < 0.001).

© 2020 The Authors. Published by Wiley-VCH GmbH
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On PDMS-10, no significant differences in shear forces were
observed between the four internal geometries of adhesives.
On PDMS-20 substrates, SR-X outperformed DR-Y and REF
(p < 0.001). On PDMS-30, SR-X, SR-Y, and DR-Y outperformed
REF, and both single-row geometries (SR-X and SR-Y) gener-
ating significantly higher shear forces than DR-Y (p < 0.001).

On all three PDMS substrates, adhesives with PIL and HKS
surface patterns generated lower shear forces compared to
adhesives with UNP surface within each of the four groups of
internal geometries (p < 0.003). Furthermore, adhesives with
surface HKS were outperformed by adhesives with surface PIL
(p < 0.001). Shear forces of adhesives with surface patterns PIL
and HKS on PDMS-10, PDMS-20, and PDMS-30 are presented
in the supporting information.

3. Discussion

Here, we used 3D printing to generate adhesives with architec-
tures resulting in anisotropic stiffness properties to enhance
gripping performance. Such anisotropic adhesives should not
be confused with adhesives that generate “anisotropic friction,”
which is defined as directional grip, or grip being higher in one
shearing direction than in the opposite direction.l3*3]

3.1. Anisotropic Adhesives
3.1.1. Fabrication

In Table 1, the four fabricated internal geometries and three
external geometries are shown. We used 3D printing, because
it is one of the few methods suitable for fabrication of over-
hanging features.[*! With stereolithography, designs are printed
in consecutive layers of 50 um in thickness. We printed the
adhesives in upright position (i.e., with the 5 x 20 mm? side
of the adhesive facing down). By printing the adhesives in this
orientation, the mechanical stability of each cured layer is maxi-
mized, preventing printing errors that could be caused during
peeling off of each cured layer from the printing bed. We fab-
ricated adhesive with pore diameters of 1.28 mm (in DR-Y
adhesives) or 2.7 mm (SR-X and SR-Y). Pore sizes were chosen
because of three factors. First, for pores below 1 mm in diam-
eter, uncured resin could not be washed out of the pores due to
capillary forces after printing with the used commercial setup
and resin. Second, the wall thickness between neighboring
pores had to be thick enough to support the structure, and not
spontaneously collapse. Third, planned adhesive dimensions
had to be in the order of 1 cm?, resembling the length scale
of soft robotic grippers or surgical grippers. Meeting these
demands, we could fit 12 neighboring pore rows in a 2 X 2 cm?
adhesive, and manufactured alternative geometries with half
the amount (i.e., six) of neighboring pores.

3.1.2. Mechanical Characterization

We applied normal and shear loads of 6 N and observed the
deformations of the adhesives in the corresponding loading

Adv. Mater. Interfaces 2020, 2001173

2001173 (5 of 9)

INTERFACES

www.advmatinterfaces.de

directions. For adhesives with a single row of pores (SR-X and
SR-Y), FEA predicted that it is mainly the internal pore walls
that absorb the applied stress. Under the applied normal loads,
we observed that pore walls took an s-shaped when buckling.
In other words, normal loading, besides deformation, also led
to lateral deformation. FEA also predicted that, along the sur-
face of the adhesive, stress concentrations are present along the
pores, where the terminal layer is not supported, as the surface
layer thickness is lowest on these locations.

Adhesives with internal geometries SR-Y and DR-Y showed
larger deformation in the shearing direction than adhesives
with SR-X internal geometry. Deformation of the adhesives
mostly originated from bending of the pore walls when these
are aligned with the shearing direction y (Table 1). When pore
walls are aligned with the shearing direction, as is the case in
adhesives with an SR-X geometry, walls cannot deform in the
direction of their alignment. Comparing a double or a single
row of pores, a higher shear stiffness of DR-Y geometries com-
pared to SR-Y adhesives originated from a lower aspect ratio
and a higher accumulative length of the internal pore walls
for the first geometry, reducing the bendability of the internal
pore walls. Adhesives with internal geometry REF did not
exhibit observable deformations under the applied shear and
normal loads. The isotropic nature of this adhesive resulted in
the highest geometric density of the four fabricated internal
geometries, making it the stiffest adhesive. The stiffness of this
adhesives is best-described by the resin’s bulk tensile strength
as provided by the resin manufacturer (77-8.5 MPa after
post-curing).

3.2. Shear Forces
3.2.1. On Glass

On a glass substrate, we found that adhesives with internal
pores generated higher shear forces compared to UNP adhe-
sives, and that higher shear forces are generated with adhe-
sives with a single row of pores then with a double row of
pores. The difference in shear stiffness of internal geometries
SR-X versus SR-Y did not lead to significantly different shear
forces. In SR-X adhesives, bending of the pore walls is present,
but this bending did not lead to deformation of the terminal
layer and its subsequent detachment from the substrate. One
effect that we observed was that the variation of generated shear
forces was lower for higher shear stiffness adhesives (i.e., with
internal geometry SR-X) compared to adhesives with internal
geometry SR-Y, pointing towards an advantage in terms of per-
formance reliability of higher shear stiffness adhesives.

In Figure 4, bottom view images of adhesives with a UNP
surface and various internal geometries are shown under a
preload (PL) of 2.45 N (250 g) and under the measuring load
of 0.49 N (50 g) during shearing at t = 0 (ty). Additional frames
of video recordings are shown in the Supporting Information.
The formed contact between the adhesives and the glass sub-
strate, appearing as light regions in the bottom view, consisted
of segregated contact regions. Under the applied pre-loading,
the contact points of the porous internal geometries were a
vertical projection of the internal pore geometry. For adhesives

© 2020 The Authors. Published by Wiley-VCH GmbH
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PL

SR-X

DR-Y

Figure 4. Bottom view of adhesives with the four internal geometries on
glass under a preload (PL) of 2.45 N and at ¢, where, about 3 s prior to
sliding, the load was reduced to 0.49 N. Contact regions appear as light
regions, whereas dark regions are not in contact with the substrate.

with a single row of pores (SR-X, SR-Y), the thickness of con-
tact regions were higher compared to adhesives with a double
row of pores (DR-Y), suggesting that more intimate contact was
formed in the former two cases. Additionally, adhesives with
a single row of pores preserved more contact after the normal
load was reduced to 0.49 N. These superior contact forma-
tion and preservation properties of adhesives SR-X and SR-Y
likely originated from the lower average thickness of the ter-
minal layer, and led to higher shear forces on glass substrates
compared to adhesives with a double row of pores. One could
reason that the splitting-up of formed contact in multiple sepa-
rated contact points, leading to inhibition of crack initiation and
propagation, is higher in adhesives with a double row than in
adhesives with a single row of pores. Presumably, the absence
of the described effects in our adhesives is because the number
of contact points is too low, and the length scale of individual
contact points (contact areas are on millimeter scale) is too
large for such effects to manifest themselves.

The presence of a single row of pores internal results in a
76% increase of generated shear forces on glass compared to
isotropic adhesives REF, because of mentioned mechanisms.

Patterning the terminal layer with pillars (PIL) or
hooks (HKS) deteriorated shear performance compared to
unpatterned adhesives (REF). With the 3D printing method
we used, patterns were presumably not fine enough to intro-
duce advantageous effects of contact splitting. The spacing
and the millimeter-length scale of pillars or hooks rendered a
dramatic decrease in formed contact area with the substrate
compared to unpatterned adhesives. A lower contact area was
formed with HKS adhesives than with PIL adhesives, leading
to lower shear forces. In the presence of hooks, the contact area
was too low for effects of internal geometry to manifest them-
selves. A lower normal stiffness, introduced by bendable pore
walls or terminal layers, did not compensate for the lack of con-
tact of the HKS surface.

3.2.2. On PDMS
On soft PDMS substrates, the deformability of the substrate
affected the mechanism with which shear forces are gener-

ated. Video recordings of shear force measurements of UNP
adhesives on three PDMS substrates showed that the softer
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the substrate is, the more contact is formed under the applied
preload (Figure 5 and Supporting Information).

We observed that, for adhesives with a UNP surface, the for-
mation of contact was rather similar between the four internal
geometries. However, the preservation of contact after reducing
the load from 2.45 to 0.49 N was considerably higher in the
presence of pores. Similar to results on glass substrates, con-
tact preservation was largest for the adhesives with the lowest
normal stiffness (SR-X and SR-Y).

On PDMS-10, no effect of internal geometry was found on
generated shear forces. On PDMS-20 and PDMS-30, high shear
stiffness combined with low normal stiffness of adhesives led
to an increase of shear forces of 49% on PDMS-20 and 63% on
PDMS-30. The presence of a thin terminal layer (in SR-X and
SR-Y) was increasingly beneficial for the generated shear forces
on substrates with decreasing stiffness compared to a relatively
thicker terminal layer (as present in DR-Y). A thin terminal
layer has a higher compliance, and therefore more efficiently
conforms to substrate deformations, resulting in better preser-
vation of contact under loading compared to adhesives with a
thicker terminal layer.

Similar to the results on glass, also on PDMS substrates,
patterning the surface of adhesives with pillars (PIL) or hooks
(HKS) resulted in systematically lower shear forces compared
to unpatterned adhesives (UNP), likely due to reduced con-
tact area when adhesives were patterned. As a result, effects of
internal geometry were quenched when adhesives contained
a patterned surface. Nevertheless, we did observe that surface
patterns introduced a better distribution of contact over the
adhesive-substrate interface compared to unpatterned adhe-
sives, leading to lower stress concentrations (Figure 6). During
sliding, the growth of defects was not continuously expanding
as observed with flat adhesives, suggesting that there is less
coupling between detachment of neighboring pillars or hooks.
Additionally, pillars and hooks re-attached after detachment,
resulting in a preservation of contact area during sliding. In the
shear force measurements, these contact preservation proper-
ties were not able to compensate for the reduced total contact
area with respect to unpatterned adhesives, resulting in lower
shear forces. Finer surface structures (i.e., pillars or hooks with
lower dimensions and spacing) might be needed to overcome
the loss of contact area in patterned adhesives.

3.3. Outlook

We showed that porous structures can be used to generate mate-
rials with direction-dependent stiffness. We varied pore size
and pore wall thickness but one could also vary other param-
eters such as the shape of the pores and the overall porosity.>?!
With the structural variety that is offered by 3D printing, this
approach could be extended to generate stiffness gradients in
materials to improve the internal stress distribution when loads
are applied. Furthermore, one could introduce unique stiffness
profiles in additional directions of the adhesives, for example to
realize high shear forces in the x-direction, but facilitate easy
detachment in the y-direction, by lateral sliding.

The functionality of internal geometries of adhesives would
benefit from higher resolutions in order to fabricate smaller

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED ADVANCED
MATERIALS
SCIENCE NEWS AAAIERIALS

www.advancedsciencenews.com

www.advmatinterfaces.de

PDMS-10
PL’

PDMS-20
PL

Figure 5. Contact area of adhesives with a surface UNP with various internal geometries under preload (PL) and the load applied during shearing (t).
The light regions are those that are in contact with the substrate.
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Figure 6. Effects of internal geometry of pillar adhesives on the formation
of contact. Video images were recorded on PDMS20 substrates during
sliding. Single-row pore geometries exhibited longitudinal close-contact
regions aligned with the pore direction. A double row of pores resulted
in a uniform distributed contact area in the center of the adhesive. Adhe-
sives with intern geometry REF exhibited a large area of contact at the
perimeter of the adhesive. The light regions are those that are in contact
with the substrate.

features and more homogeneous stiffness. Furthermore, spa-
tially controlling direction-dependence stiff or soft regions
could be improved with smaller features such as pores and pore
walls, eliminating the occurrence of local stress concentrations
under loading. Smaller features will also result in thinner pore
walls, making the adhesives more susceptible to fatigue after
multiple times of bending and elastic recovering of the geom-
etry. Alternative 3D printing methods deserve to be explored
to obtain higher resolutions, taking into account the balance
between feature size and adhesive dimensions on one side, and
processing time and structural strength on the other side.[*!
Potentially, surface patterns could be optimized for attach-
ment to rough substrates, for example, by introducing patterns
that promote interlocking,*#! or for attachment to wet or
flooded substrates, by introducing water-draining surface pat-
terns.”) Immersion brings additional viscous dissipation and
associated timescales into the mechanics of these substrates
which allows for further optimization of adhesion performance.

4, Conclusion

We showed that geometry-controlled variation of normal and
shear stiffness of adhesives can be used to generate revers-
ible grip on soft, deformable substrates, as well as on rigid
glass substrates. We fabricated single-material adhesives with
anisotropic properties using a stereolithographic approach.
We were able to fabricate adhesives with larger deformability
than expected based on the reported resin stiffness. On a rigid

Adv. Mater. Interfaces 2020, 2001173

2001173 (8 of 9)

INTERFACES

www.advmatinterfaces.de

substrate, adhesives with the lowest normal stiffness performed
best. On soft substrates, a low normal and a high shear stiff-
ness were found to be advantageous for contact formation and
preservation, respectively. In other words, decoupling of normal
and shear deformations can be beneficial for contact preserva-
tion. Such anisotropy requires adhesives with rather complex
adhesive architectures, which can be realized using 3D printing
methods.

5. Experimental Section

Fabrication of Adhesives: Adhesives were fabricated using a Form2
printer (Formlabs inc., Somerville, MA, USA) with the suppliers
recommended print settings and a layer thickness of 0.05 mm. Formlabs
resin Flexible FLFLGRO2 (Formlabs inc., Somerville, MA, USA) was
used to fabricate 20 x 20 mm? samples with a porous inner structure,
a 0.5 mm high surface pattern and 0.4 mm solid back layer. Four
types of internal geometries were printed (Table 1): The first geometry
consisted of a row of 6 cylindrical pores, resulting in a pore diameter
of 2.7 mm, positioned orthogonally to the pulling direction. The second
geometry consisted of the same 2.7-mm diameter cylindrical pores, but
now positioned parallel with the pulling direction. In the third geometry,
two rows of 12 cylindrical pores, resulting in 1.275-mm diameter pores,
positioned parallel to the pulling direction were fabricated. A fourth
geometry was a reference sample, without any porosity. Each of these
four internal geometries were fabricated either without surface pattern,
with a pattern of 0.5 mm diameter circular pillars, or conical, 45° tilted
pillars with a diameter of 0.5 mm at the base and 0.2 mm at the top,
resulting in a total of 12 geometries. Each of these 12 adhesive types
were printed twice, resulting in a total of 24 adhesives.

The printed samples were cleaned with compressed air (EW5601,
Ewent, Geleen, Netherlands) and isopropyl alcohol (IPA, VWR
Chemicals, Radnor, PA, USA) to remove uncured resin, and post-cured
for 60 min at a temperature of 60 °C in a Form Cure oven (Formlabs
Inc., Somerville, MA, USA). After post-curing, the support structures
were removed and the samples were kept at room temperature for 24 h
to allow the IPA to fully evaporate.

Mechanical Characterization of Adhesives: Adhesives were characterized
with indentation tests, performed with an Aerotech ACT115 linear
motion stage, controlled with an Aerotech Soloist CP controller and a
custom-built GUI in MATLAB R2016a. A FUTEK S-Beam load cell with
a 10 Ib capacity was mounted on the motion stage to record the forces.
The load cell signal was amplified with a CP)2S signal conditioner. The
adhesives were indented using a glass lens indenter (radius of curvature =
34.5 mm, Thorlabs Inc. Newton, NJ, USA) over depth of 1.5 mm (0.5 mm
for the isotropic adhesive), and forces and displacements were recorded
at a frequency of 200 Hz.

FEA of Adhesives: A nonlinear static analysis was performed with
Inventor Nastran2020 software (Autodesk Inc., San Rafael, CA, USA).
The material model was built using the resin’s mechanical properties
as provided by Formlabs. The elastic modulus was derived from the
shore hardness using the relations from Mix and Giacomin.Bl A mesh
was generated using the default linear elements, with an element
size of 0.15 mm. The bottom of the adhesive was fixed, and a sliding
constraint was applied to the central axis of the eye (where in shear
force measurements, the pulling cable is connected), to ensure a pure
horizontal deformation under the applied load. A bearing-load with a
magnitude of 6 N was applied at the inside of the eye in the direction
of pulling.

Substrate Preparation: Poly-dimethoxysiloxane (PDMS, Sylgard 184,
Dow Corning, Midland, MI, USA) substrates were prepared by mixing
pre-polymer and curing agent mixed in 10:1, 20:1, and 30:1 weight-based
ratios, obtaining substrates of 2200, 700, and 300 kPa, respectively.[':23]
The pre-polymer — curing agent mixtures were degassed, in measured
quantities poured in 140 mm petri dishes, degassed again, and finally
cured for at least 2 h at 70 °C to obtain substrates of 2 mm in thickness.

© 2020 The Authors. Published by Wiley-VCH GmbH
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A glass slide was used as glass substrate.

Shear Force Measurements: Shear force measurements were
performed using a custom-made positioning stage (ACT115, Aerotech
inc, Pittsburg, PA, USA) with a 9 N load cell (LSB200, FUTEK, Irvine,
CA, USA), controlled with a GUI build in MATLAB R2016a. The signal
from the load cell was amplified and converted with a CP)2S signal
conditioner. Samples were connected to the load cell via a HPPE
Dyneema braided wire (BBVFS25, Berkley, Columbia, SC, USA). Before
testing, samples were aligned by attaching an alignment weight to the
rear end of the adhesive (see Figure S1in the Supporting Information).

A 2.45 N (250 gr) normal pre-load was applied for 10's, and a 0.49 N
(50 gr) normal load during measuring, applied from 3 s before sliding.
The sliding velocity was 1 mm s™, for a duration of 5 s. From the
recorded force-displacement data, the peak force corresponding to the
moment where the sample started sliding was extracted.

Samples were recorded in a bottom-view configuration with a
webcam to monitor contact formation during preloading, and before
and during sliding.

For each substrate, each adhesive sample were each measured
5 times, resulting in 10 measurements per condition.

Substrates were cleaned with ethanol every 10 measurements. PDMS
substrates were replaced every 20 measurements.

Supporting Information

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