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An extremely simple structural design of a composite material
composed of an elastomer sheet and hard beads embedded at
the surface is proposed to realize a shape-tunable surface; it
reversibly forms bumps/undulations in response to in-plane tensile
strain applied to the surface. Tribological properties such as adhesion
therefore become switchable.

The surface structures of soft materials, such as rubber and
plastics, are critical for their tribological properties. A variety of
surface structures of elastomeric materials have been proposed
to control both adhesion and friction’™ in many applications,
including grips on tools, robot hands, and sports equipment.
Some functional surfaces for such applications show a fundamental
need for on-demand tuning of friction and adhesion forces.*®
Such tunability may be realized by systems in which some
external “triggers” cause a variation in the adhesion and friction
forces associated with a material. Since adhesion and friction
largely depend on the surface structure and the chemistry of the
surface material, introducing their topological/chemical switch-
ability may satisfy the need for tribological tunability. In pre-
vious studies, we and other groups have made developments via
the former strategy; creating shape-tuneable surfaces, using
wrinkles” " with a wavy topography, which spontaneously appear
because of the strain-induced buckling of a hard skin layer formed
on a soft elastic substrate. The use of shape-tuneable wrinkles'> "
has demonstrated that friction®*>* and adhesion® can be switched
depending on the strain applied to the wrinkle substrate. Although
various structural designs that realize nonlinear shape-tunability***”
exist, designs that target the tribological requirements have not
been proposed, other than the wrinkle system.

Herein, we present a new and extremely simple design of a
shape-tuneable surface, in which the surface forms bumps in
response to tensile strain. The structure is composed of spherical
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glass beads that are embedded near the surface of a silicone
elastomeric substrate. The relationship between the structure
and the applied strain is evaluated and discussed. Moreover,
the variable adhesion properties of the shape-tuneable surface
are also demonstrated.

Fig. 1a shows a schematic of the bead-embedded poly(dimethyl
siloxane) (PDMS, Sylgard 184, Toray-Dow) elastomer. To fabricate
the structure, the glass beads (diameter D = 0.1-1.6 mm) were
placed on the uncured PDMS sol with a thickness () of ~3 mm
on a flat glass substrate (used only as a template) and cured at
303 K for 48 h. Due to the higher density of the glass beads than
that of PDMS sol, the beads sediment and reach the flat glass
surface in tens of minutes. After curing, the PDMS sheet was
peeled off the glass substrate and the bead-embedded elastomer
sheet was obtained. The side that had contacted the flat glass
template is the surface of interest.

The cross section of the composite elastomer is shown in
Fig. 1b, and it indicates that the bead is placed in the proximity
of the interface. Fig. 2a shows a top view of the composite
elastomer, where the embedded bead is visible through the
transparent PDMS. Without tensile strain (¢ = 0%), the surface is
almost flat (Fig. 2b and e). Under tensile strain, a bump forms
over the bead. The height, J, which is defined as the height at the
top of the bump with reference to the point distant from the
center as shown in the inset of Fig. 3a, increases with ¢ (Fig. 2c-e).

Fig. 1 Elastomeric sheet with beads embedded at the surface. (a) Schematic
of the structure. (b) Typical optical image of the cross section of the
structure, on which a bead with D = 1 mm has been embedded at the
surface (bar: 0.5 mm).
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Fig. 2 Strain-induced bumps. (a) Optical image of the sample surface, on
which a bead with D = 0.5 mm has been embedded. The confocal
microscopy images showing the height profiles at (b) ¢ = 0%, (c) 5%, and
(d) 10%. (e) Cross sectional profiles along the center lines in the strain
direction.

To clarify the effect of D on this phenomenon, samples
embedded with beads of different D ranging from 0.1 to 1.5 mm
were evaluated at different ¢. Fig. 3a shows the plots of 6 vs. D at
different ¢, indicating their linear relationship. In Fig. 3b, the
same data set was used to plot the non-dimensional bump
height normalized by the bead diameter, J/D, vs. ¢. Although
the data slightly scatter, 6/D is almost independent of the
size of the beads and linearly depends only on ¢, ie., J is
proportional to both D and ¢; 6 oc De.

The bump formation can be explained as follows. Under the
uniaxial tensile strain ¢ (positive value for tensile strain), the
base sheet is primarily expanded in the strain direction and
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Fig. 3 Dependence of the bump height, J, on applied tensile strain, s.
(a) Plots of 4 vs. bead diameter, D, at different applied strain (¢ = 0, 2.5,5,7.5
and 10%). The schematic of the induced bump under the strain is shown
(inset). (b) Plots of §/D vs. ¢. Black circles indicate replotted experimental
data points. The dashed line indicates the theoretical equation 6/D = v,
where the Poisson'’s ratio v = 0.5. Blue triangles indicate the results of the
finite element (FE) simulation.
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Fig. 4 Results of FE simulation. (a) Schematics of the simulation model.
The cross section is shown. (b) Cross sectional profiles along the center
lines in the strain direction at ¢ = 5% (blue) and 10% (red). (c) Distribution of
local simple tensile strain in the applied strain direction, x, (indicated by
double headed arrow) at ¢ = 10%. The cross section of the middle xz-plane
is shown. (White bar: 0.5 mm).

simultaneously contracts in the perpendicular directions to
conserve total volume, thinning the sheet as a result. The
thickness of the base sheet, t, should decrease to t = (1 — 1),
where v is the Poisson’s ratio of the elastic base, ~0.5. Since the
Young’s modulus of the embedded glass beads (~100 GPa) is
much higher than that of the elastomeric base sheet (~1 MPa),
the glass beads behave as a rigid body under the tensile strain
applied to the base sheet. Therefore, the rigid beads resist the
expansion and associated perpendicular contraction. Thus, base
sheet thickness around beads decreases such that the bumps
form at the beads.

Since the bead ranges D in the sheet thickness direction,
the thickness at the bead ¢, becomes t, = D + (t, — D)(1 — ve) =
to(1 — ve) + vDe = t + vDe. Then, the ideal height difference, 9,
between the peak of a bump and the position far from the bead
should roughly obey the equation 6 = t, — t = vDe¢, and thus,
6/D = ve; & oc De. Although this discussion cannot predict the
exact surface profiles, this very simple theoretical relation
governing the height of the bumps corresponds well to the
experimental results shown in Fig. 3. The small bump at ¢ = 0%
may appear because of a slight shrinkage of the PDMS volume
during curing.*® A similar phenomenon is known to roughen
(unintentionally) the surface of thermoplastic resins reinforced
with hard materials such as fiber-reinforced plastics, due to the
mismatch of the thermal expansion coefficients. In our system,
mechanical strain is purposely applied to induce and control
the bump formation.

To further investigate the deformation of the elastic sheet around
a bead under uniaxial strain, conventional three-dimensional (3D)
finite element (FE) analysis was conducted using ABAQUAS®
Standard 6.13-5. A single bead (modelled as a rigid body) with
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Fig. 5 Strain-dependent switchable adhesion. The area number density of the
beads (D = 1 mm) of this sample is ~0.6 mm~2. Adhesion between the sample
under uniaxial strain ¢ = 0% and 10% and the flat cover glass with a circular shape
with the diameter of 18 mm were evaluated from the force curves acquired
during the pulling-off process as shown in the schematics on the right side. The
double headed arrows indicate the adhesion force. The average adhesion
forces over each test were 75 &+ 10 gf at ¢ = 0% and 17 &+ 5 df at ¢ = 10%.

D=1 mm was embedded in an elastomer sheet 10 x 10 x 5 mm
with the Young’s modulus of 1 MPa and Poisson’s ratio of
0.495, as shown in Fig. 4a. The bead and the elastomer are
strongly bonded. The total number of 3D elements was 578 236
and the smaller size of the elements (0.01-0.05 mm) around the
beads was used.
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Fig. 4 summarizes the results obtained by the FE simulation.
The simulated surface profile under strain reproduced the
experimentally observed trapezoid-like bump and the height
increases with ¢ almost linearly as expected. The values of 6/D
obtained by FE simulations are also plotted in Fig. 3b, showing
a good agreement with the experiments. The map of the local
simple strain in the applied tensile strain in the rubber is
shown in Fig. 4c. The strain is localized at both sides of the
bead in the strain direction. This suggests that in the case of
the weak bonding between these materials, the delamination of
the elastomer from the beads may start at these locations.
Indeed, at applied strain higher than 10%, we sometimes
observe an air gap between a bead and the elastomer. In terms
of the bump formation, the delamination has no adverse effect
because it relaxes the strain in the applied strain direction and
the shrinkage in the perpendicular direction increases on the
side of the bead, accentuating the bump.

To demonstrate the ability of the present shape-tunability
for controlling tribological properties, we measured the adhesion
between the flat/bumped surface and a flat glass surface. For this
evaluation, the beads (D = 1 mm) are randomly embedded at the
elastomer surface with the area number density of ~0.6 mm™>.
Fig. 5 shows typical force curves obtained during the removal of
the glass at a speed of ~0.25 mm s~ from the elastomer surface,
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Fig. 6 Demonstration of a switchable adhesion pad. (a) A schematic of the pad, which is made of a polymeric deformable bottle (~250 mL). The circular
top (diameter of 32 mm) of the bottle is replaced by the bead (D = 1.5 mm)-embedded PDMS elastomer sheet. The area number density of the beads is
0.35 mm~2. The bottle is sealed so that the elastomer sheet curves outward under the increased inner pressure induced by manual squeezing. The
isotropic tensile strain of 3-5% can be manually applied to the elastomer sheet to induce the small bumps/undulations. (b) A series of snapshots showing
switchable adhesion, showing lifting and detaching a slide glass (5 g). (c) A series of snapshots in the case of the reference PDMS pad without beads,
showing that adhesion is still high enough even at the squeezed state because of the absence of small bumps. (See also Movie S1 (ESIT).).
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at different applied strains (¢ = 0 and 10%). It is clear that the
adhesion on the surface with bumps is much lower than the flat
state. This is simply attributed to the smaller contact area for the
surface with bumps. Thus, if the area number density and/or the
diameter of beads are adjusted, the change in the adhesion force
would be tuned. The present system has potential as a tuneable/
switchable adhesion pad.

Finally, a simple system is shown to demonstrate the switch-
able adhesion pad using the present bead-embedded elastomer.
Fig. 6a shows a schematic of the switchable adhesion pad, which
is made of a polymeric bottle that is easily-deformable by hand.
The circular top of the bottle was replaced by the bead-embedded
PDMS elastomer sheet. The bottle is sealed so that the elastomer
sheet curves outward under the manually-squeezing-induced
increased inner pressure. When the bottle is squeezed manually,
an isotropic tensile strain of 3-5% can be applied to the elastomer
sheet to induce the small bumps. Thus, we can control the
adhesion force manually. In Fig. 6b, a series of snapshots demon-
strate switchable adhesion, showing lifting and detaching a slide
glass (5 ) (see also Movie 1, ESIt). Unlike the system shown in
Fig. 5, in which the bead-embedded elastomer sheet is uniaxially
stretched, the present system shows a non-negligible spherical
curvature when the bottle is squeezed. This outward bulge with the
larger radius of curvature than the bumps may also decrease the
adhesion because it can also reduce the effective contact area. To
show effectiveness of the small bumps on the reduction of
adhesion for this system, a reference system without beads was
also investigated (Fig. 6¢). In this case, the glass slide was adhered
even when the bottle was squeezed, proving the effective role of the
small bumps on reduction of adhesion.

Conclusions

We have reported a very simple design of a shape-tunable
elastomer surface, in which spherical beads are embedded at
the surface. When the elastomeric substrate is stretched, a
bump with the diameter comparable to the embedded bead
size appears. The bump height scales proportionally to the
applied tensile strain, which is also confirmed by FE simulation
and understood by the simple model presented. Since the bump
height is also linearly related to the bead diameter, the smaller
bump would form by using the smaller bead, to the point that
the inherent roughness matters. On such a system with smaller
beads, the thickness of the skin PDMS layer on the beads, which
is neglected in the present study, would become non-negligible
in comparison with the bead diameter. In this case, the bump
profile is expected to be dulled, and thus, the thickness para-
meter should be controlled for fine tuning of the bump shape.
When a number of beads are embedded, the tensile strain
induces undulation over the surface. Since this change in the
surface topography alters the state of contact with other solid
objects, this surface has potential as a new elastomer surface
that can tune tribological properties on demand. For this
example system, it has been shown that the adhesion is switchable
depending on the applied strain. Moreover, by further exploiting
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the switchable property, a manually-operable switchable adhesion
pad was fabricated. For more practical applications, the bead
shape, number density, and patterns of beads/arrangement should
be optimized to tune the adhesion properties of the bumped
surface. Since both the mechanism of the present topographical
change and the composite structure are extremely simple, the
present system is broadly applicable toward designing tribological
soft-matter interfaces with tunability, such as robot hands, grips,
rubber belts, and adhesive tapes.
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