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Direction specific adhesion induced by subsurface liquid filled microchannels
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While directional effects in adhesion and locomotion have in general been generated by creating
symmetry breaking topographic features on the surface of a soft bodied object, here we present a novel
method for imparting this effect to thin adhesive layers by embedding liquid filled microchannels
arranged in pairs with specific intra and inter pair distances. The adhesive exhibits uniform adhesion in
classical peel tests when both the channels are filled with either air or a wetting liquid. But the
asymmetric effect shows up when only one of the channels in the pair is filled with the liquid. The
liquid alters the surface tension of the inner wall of the channel, which results in bulging deformation
of the thin skin of the adhesive over the channel. The bulging however remains asymmetric, the extent
of asymmetry depending on the intra-pair spacing between the channels. Besides the bulging effect,
filling in one channel of a pair with liquid also leads to an asymmetric variation in its modulus. As

a result, when an adherent is peeled off the adhesive from two opposite directions, significantly
different adhesion strengths result. A similar directional effect also results when channels of two
different diameters are used in the pair, thus opening up the possibility of generating several
different adhesion strengths simply by altering the geometric features of the embedded microstructure
and its filling status. We show also that for both channels in a pair filled with liquid, the adhesion
strength increases significantly, by over 60 times of what is achieved for a smooth, featureless,

adhesive layer.

Introduction

Direction specific adhesion and friction is prevalent in a variety of
natural systems, e.g. limbless locomotion in animals with slender
bodies such as snakes and snails, mediated by asymmetric friction
of scales,! anisotropic microstructure of the adhesive pads of
many insects and geckos,> amphibians such as frogs, periodic
pulses in the muscles of snails,** asymmetric orientation of scales
in aquatic swimmers like fishes, ratchet action based actuators,
wall climbing robots,>® on a cellular level, movement of protein
molecules on mitochondria” and so on. Non-uniform and wavy
shapes of body parts, anisotropy of surface scales, asymmetric
shapes of adhesive pads, rhythmic muscular contraction and
asymmetric swelling are used for the symmetry breaking rectifi-
cation that engenders the necessary forward propulsion.®*® Here
we show that a similar feat is also accomplished by body parts
which are smooth and featureless on the surface but consist of
sub-surface fluid filled vessels with symmetry breaking features
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built within.'*° In essence, we present a thin layer of elastomeric
adhesive in which we embed microchannels arranged in a specific
manner: in pairs with different intra and inter pair spacing. One
or both of the channels in a pair are filled with a wetting liquid.
We show that the symmetry is broken when one of the channels in
a pair is filled with a wetting liquid, which results in asymmetric
bulges at the surface of the adhesive. This asymmetry also results
when channels of different diameters are used in a pair and either
one or both are filled with the liquid. In addition to this asym-
metric change in surface topography and the consequent stress
field around the channel, the presence of these fluid filled vessels
also alters the effective deformability and compliance of the
layer* in the vicinity of the channels. The coupled effect of this
alteration in geometry and the physical properties of the layer
impart directionality to the adhesive, which we characterize by
lifting a flexible plate off it.>*** The experiments show that the
crack front at the interface of the adherent and the adhesive
propagates differently when the adherent is lifted from different
directions. Importantly, the adhesion strength is found to be
significantly higher when the crack front propagates over air and
oil filled channels in sequence than the reverse. These results also
open up the possibility of generating a large range of values of
adhesion strength simply by altering the channel geometry, their
orientations and their filling status. These results highlight the
possible role of subsurface fluid-filled micro-structures in many
natural systems.
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Materials and method
Materials

Sylgard 184 elastomer (Dow Corning product) was used to
prepare the adhesive films. Steel rods of different diameters were
used as templates for generating the channels. Silicone oil of
viscosity 300 cp was used as the wetting liquid for filling in the
channels. Glass cover slips of flexural rigidity D = 0.02 N m were
used as flexible adherents.

Method

The adhesive layers were prepared by the method described in
ref. 13-16. Briefly, Sylgard 184 mixed with the curing agent
(10 : 1 by weight) was crosslinked at 80 °C for two hours between
two parallel rigid glass plates, separated by spacers of known
thickness. One of the plates was coated with a monomolecular
layer (SAM) of octadecyltrichlorosilane (OTS) molecules, so that
after crosslinking this plate could be easily removed, while the
adhesive film remained strongly bonded to the other plate. The
channels were generated by using cylindrical steel rods as
templates inside the pool of the pre-crosslinked liquid at known
vertical locations from the bottom plate. The steel rods were
laterally placed in pairs using home-made fixers so as to maintain
constant separation distances. Because of the low adhesion, the
steel rods could easily be removed from the crosslinked network
of PDMS by the application of a gentle pull, which resulted in
pairs of channels embedded at known separation distances
within the adhesive.

Experiment

Fig. 1 shows the schematic of a model adhesive: a thin elasto-
meric film of poly(dimethylsiloxane) (PDMS) with sub-surface
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Fig. 1 (a) A schematic of the experiment shows an adhesive layer
bonded to a rigid substrate and embedded with pairs of microchannels of
the same or different diameters. A flexible adherent in contact with the
adhesive surface is lifted off at a constant rate ~5 pm s™'.?* The lifting
load is measured using a load cell attached to the substrate and interfaced
with a computer. (b)—(d) Optical micrographs of the side view of a pair of
channels of diameter d = 550 um embedded inside a layer of adhesive
with skin thickness 7 = 20 um and inter channel spacing s = 70 pm. The
images (b), (c) and (d) represent, respectively, both channels filled with
air, both filled with oil and either one of the channels filled with oil. The
arrows indicate the bulge of the thin skin above the channel.

channels of circular cross-section. Channels of different diame-
ters, d = 0.5-1.0 mm, were generated inside such films of different
thickness, 7 = 0.55-1.05 mm, at desired vertical heights so that
the skin thickness ¢ of the PDMS layer above the channel could
be maintained constant at a desired value. Instead of generating
uniformly separated single channels, as was done previously,'°
here we arranged the channels in pairs with desired intra-pair and
inter-pair lateral spacing. The channels were either empty or
filled with a wetting liquid e.g. silicone oil of known viscosity,
resulting in four possible situations: (a) both channels in a pair
filled with air (case 1), (b) 1st channel filled with oil (case 2), (c)
2" one filled with oil (case 3) and (d) both filled with oil (case 4).
The “Ist”/“2nd” nomenclature signifies the order in which
a channel in a pair encounters the propagating crack. The
adhesion strength for these different situations was measured by
carrying out a classical peel experiment in which a flexible cover
slip used as the adherent was first brought into complete contact
with the adhesive. The hanging end of the plate was then lifted off
at a constant rate of 5 pm s~! using a micromanipulator. The
lifting load was measured using a load-cell attached to the
substrate on which the adhesive film remained strongly bonded;
the load cell was interfaced with a computer. The directionality
of adhesion was examined by carrying out the experiment from
both ends of the adhesive, such that in the 1st set of experiments
the interfacial crack propagated sequentially over channels 1 and
2, while in the 2nd set channels 2 and 1 were encountered in
sequence.

Results and discussion

When the channels are filled with a wetting liquid e.g. silicone oil,
the interfacial tension decreases from vy, for the PDMS-air
interface to v, for the PDMS-oil interface. Correspondingly, the
excess energy of (yg — vs — <v1) per unit wetted area is released,
which deforms the channel cross-section from circular to oval
shaped, with a consequent bulging of the surface of the film in the
vicinity of the channel and an increase in its contour length.*!
Here v, =22 mN m' and v; = 22 mN m™! are the surface tension
of PDMS and that of the filling liquid, respectively, and vy =
0 mN m~' is the interfacial tension of the wetted interface. The
resultant excess surface energy of the order of 44 mJ m~ results
in deformation, the extent of which depends on the diameter of
the channel and the skin thickness of the film covering it. The
extent of the bulge § is found to scale?**' as 6~d/+/t, which
implies that the bulging effect is more prominent for films with
a larger channel diameter d and a smaller skin thickness ¢. For
example, in experiments with d = 710 um and ¢ = 90 um, the
maximum bulge at the location of the minimum skin thickness is
observed to be 6 = 40 um. The bulging effect also alters the stress
field in the vicinity of the channel. This stress depends on the
local radius of curvature of the channel, which does not quite
remain constant during the course of peeling an adherent off the
surface of the adhesive; because peeling itself dynamically alters
the curvature of the channel cross-section, which in turn alters
the stress field within the material and its ability to arrest the
peeling front.’* The presence of the channels also results in
alteration of the effective modulus of the adhesive film in the
vicinity of the channel. The modulus is a minimum at the loca-
tion of minimum skin thickness, and asymptotically increases to
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that of the adhesive away from it. For uniformly spaced chan-
nels, the modulus of the adhesive varies periodically, which,
coupled with the bulging effect of the PDMS film, has been found
to arrest a crack propagating at the interface of the adhesive and
the flexible adherent.'*'® This effect is similar to crack blunting,
observed when a composite adhesive layer consisting of stiffer
and softer portions is peeled off a rigid adherent.** In the
asymptotic situation of channels remaining far apart, the
deformation of the film over individual channels remains
symmetric about the axial plane normal to the adhesive (Fig. 3);
even when the inter-channel separation is diminished and the
channels are filled with liquid, deformation of the adhesive leads
to periodic undulations so that the geometric and material
symmetry is maintained. Peeling off such films, as in Fig. 1(a),
does not result in any direction dependent adhesion.?® However,
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Fig. 2 (a) Plot of lifting torque M against lifting height A of a plate of
flexural rigidity D = 0.02 N m off an adhesive layer of thickness & =
750 um embedded with channels of diameter d; = d> = 710 pm. Cases 1-3
represent adhesive embedded with a pair of channels both filled with air
and only one filled with oil, respectively. Case 4 represents the case where
both channels are filled with oil. (b) The maximum lifting torque M. is
plotted against the spacing s; between the channels in a pair. Symbols [,
@, A and A represent cases 1 to 4, respectively. Whereas the horizontal
error bar in the data accounts for the variation in spacing between
channels in a set of samples, the vertical error bar represents the standard
deviation of the maximum torque data from several experiments. The
shaded portion, signifying the range of the inter-channel spacing s; within
which the directional effect is maximized, is magnified in the inset of the
figure to better depict the difference in torque for the different cases.

the symmetry is broken when the channels are arranged in pairs
with only one filled with liquid. Fig. 1(b)—(d) show the side view
of a pair of channels when both are filled with air, both are filled
with oil and one or the other is filled with oil. These images were
captured by filling the channels with Sylgard 170 and then curing
at 65 °C to permanently fix the deformed shape of the adhesive.?!
Fig. 1(c) shows that for both channels filled with oil, the skin over
both bulges out, resulting in symmetric deformation. However,
when only one of the channels is filled with oil, the skin above this
channel bulges out, while for the air channel, the skin bulges in,
resulting in asymmetry. In fact, the channels do not remain
circular, but deform differently, leading to a highly asymmetric
topography and variation in modulus of the adhesive film. The
surface profiles of an adhesive (4 = 600 um, d = 550 pm and s; =
30 um) as plotted in Fig. 3(a) and (b) and the ESI Fig. S2+ (h =
750 um, d = 710 um and s; = 52 and 84 um) also show this
asymmetric effect in different combinations of channel
geometries.

Fig. 2 shows typical plots of lifting torque M vs. lifting
displacement A of a flexible plate. The torque is calculated by
multiplying the lifting load, F by the crack length, a: M = F x
a.?>** Here an elastic film of thickness 4 = 750 pm, embedded
with channels of diameter d; = d» = 710 um, was used as the
model adhesive. In each case, two pairs of channels were
embedded within the adhesive with an inter-pair distance s =
7 mm. The distances between the two channels in the two pairs
were maintained as s; = 56 + 3 um and 77 + 3 um, respectively.
Case 1 represents the experiment with both channels of a pair
filled with air. The first peak in the M vs. A plot signifies crack
initiation from the edge of the film,* while the subsequent ones
correspond to crack arrest in the vicinity of each pair of channels

m-s] M_OD_

0 200 400 600 800 1000 1200
2005
S ~—___ o0
§ | i i -
0 200 400 600 800 1000 1200
(um)
erJ _d//ﬁ,————\\‘\ S C—
0 00
0 200 400 600 800 1000 1200
.
205 —
10 ‘//\ 00
o . : :
0 200 400 600 800 1000 1200

x(um)

Fig. 3 (a)-(d) Typical profiles of the adhesive surface (adhesive thick-
ness &1 = 600 um, channel diameter d = 550 um and spacing between
channels s; = 30 um) in the vicinity of the channels. The figures (a) and
(b) correspond to experiments in which both the channels in a pair and
only one of them are filled with oil, respectively. These profiles were
obtained by analyzing the side view of the adhesive films as shown in
Fig. 1(c),(d). In order to obtain the surface profiles (c) and (d), a flexible
plate was peeled off the adhesive, with one of the channels filled with
Sylgard 170 as in figure (b). A spacer was used at the opening of the crack
such that the contact line between the flexible adherent and the adhesive
remained arrested in the vicinity of the channel pair. Sylgard 170 was
crosslinked under these conditions, which permanently fixed the defor-
mation of the adhesive. The profiles in figures (c) and (d) correspond to
when the flexible adherent was peeled from two different directions.
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and subsequent initiation at a critical maximum torque. Thus, in
contrast to previous studies with uniformly separated channels,
we do not see here the individual peaks for individual channels in
a pair, but a single peak showing the combined effect of the
channels in a pair. Case 2 defines the situation in which the peel
experiment is carried out with the first channel filled with oil
while the second channel in the pair remains filled with air. Here
too, in the M vs. A plot we see two different peaks; interestingly
however, the height of the peaks does not show any increase over
what is observed in case 1, in contrast to observation with single,
uniformly spaced channels.?® For the same adhesive layer, a very
different M vs. A plot is observed (case 3) when peeling is carried
out from the reverse direction, such that the first channel in the
pair remains open to the atmosphere and filled with air, while the
second one is filled with oil. Here too the first peak represents
crack initiation from the edge of the adhesive and the subsequent
ones correspond to initiation from the vicinity of the channel
pairs. The height of these peaks far exceeds those for case 2.

In order to understand how exactly the film and the embedded
channels deform when a flexible plate is peeled off them, the
channels were first filled with Sylgard 170 and then the surface of
the adhesive film was either left to deform freely as shown in
Fig. 1(c) and (d) and 3(a) and (b), or a flexible plate was peeled
off the adhesive film by placing a spacer at the opening of the
crack. The height of the spacer was such that the crack remained
arrested in the vicinity of the channel. The Sylgard 170 was then
crosslinked in this condition with (Fig. 3(a) and (b)) or without
(Fig. 3(c) and (d)) the flexible plate in contact with the adhesive,
so that the deformed shape of the channel and the bulging of the
adhesive could be permanently set. Fig. 3(c) and (d) correspond
to this film when peeling was carried out from two opposite
directions. The surface profile in Fig. 3(c) shows that when the
plate is first contacted with the adhesive and is then peeled from
the oil side, the bulge on the oil channel shifts onto the side with
the air channel, which neutralizes the effect of capillary pressure.
However, the air channel can still arrest a surface crack so that
the channel pair behaves essentially as a single air channel, as
shown in Fig. 2(a), case 2. The profile in Fig. 3(d) shows that the
bulge in the oil channel remains when peeled from the air side
(case 3, Fig. 2), which suggests that the pressure in the vicinity of
the air channel remains zero, but that for the oil channel remains
compressive. Both these effects frustrate the stress concentration
for a surface crack and their effects add up. For spacing s; =
60 um, whereas for case 3 (Fig. 2) the M. is obtained as 0.25 +
0.015 N mm™', for case 2 (Fig. 2), it is estimated as 0.11 Nmm™',
implying easier peeling of the adherent for case 2 than for case 3.
Fig. 2(b) depicts the peeling torque for these different cases for
inter-channel spacings ranging from s; = 0-1200 um. The data
show that the maximum directionality effect is achieved with
arange of spacings between the channels, as shown by the shaded
area in Fig. 2(b) and its magnified presentation in the inset of the
figure. For very small spacing between the channels, s; — 0, the
asymmetric effect is not felt; on the other hand, for very large s,
it is only the individual effect of the channels which is felt. At an
intermediate spacing the asymmetric effect gets maximized.

The adhesion strength for these different cases is estimated by
dividing the area under the corresponding lift-off load vs.
displacement plot by the area of contact between the two
adherents: G = [F dA/Acontac Thus, estimation of G does not
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Fig. 4 The bar chart shows the adhesion strength G for a few repre-
sentative cases. Whereas for an adhesive without any embedded channels
the adhesion strength is estimated to be G = 60 mJ m~2, for one embedded
with pairs of channels, both filled with oil, G = 3600 mJ m~2. For pairs of
channels with only one filled with oil, G remains significantly larger for
case 3 than for case 2.

require any specific model for the adhesive film, as it is directly
obtained from the F vs. A data. The bar chart in Fig. 4 shows that
G differs significantly depending on the direction of peeling of the
flexible adherent plate. For example, for d = 710 pm, ¢t = 40 pm
and s; = 60 pm, G is calculated to be 2200 mJ m~—2 when the crack
meets the air channel first (as in case 3 in Fig. 2), which is
significantly larger than 300 mJ m~2, in which case the crack
meets the oil channel first (as in case 2 in Fig. 2). The bar chart in
Fig. 3 also shows that G is a maximum for case 4 when both the
channels in a pair are filled with oil. In fact, the adhesion energy
increases to as high as 3800 mJ m™2, in contrast to the 60 mJ m—
observed on an adhesive layer without any embedded micro-
structures, i.e. a ~60 fold increase in adhesion strength. For an
equivalent adhesive of thickness # = 750 um, embedded with
single channels of diameter d = 710 um, spaced uniformly by s =
5 mm, G was found to be 1800 mJ m~2'2° Thus, pairs of
channels engender not just directional adhesion but also adhe-
sion strength, significantly higher than that achieved with
uniformly spaced single channels.

While, with channels of equal diameter in a pair, it is possible
to generate 4 different states of adhesion, we will now show that
the number of degenerate states can be increased to 8 with
channels of different diameters in the pair: two for each of the
four cases described earlier. The optical micrographs (a), (b) and
(c) in Fig. 5 show the cross-section of the adhesive (2 = 850 pm)
with either of the channels (d; = 800 pm and d, = 450 um, ¢ =
50 um) and with both of them filled with oil. The bulging of the
thin skin of the channel remains significantly asymmetric in all
these cases (Fig. S2t). For example, Fig. 5(c) shows that although
both channels remain filled with oil, the bulging is more
pronounced over the channel with a larger diameter, which
results in asymmetry in surface topography, pressure field and
associated change in physical properties. In the plots of
Fig. 5(d)—(f) we present 6 of these different states in which not
only the position of the liquid filled channel in a pair but their
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Fig. 5 Optical micrographs (a)-(c) show cross-sections of a pair of
channels with diameters ¢; = 800 um and d> = 450 pm embedded within
an adhesive of thickness # = 850 um. The skin thickness and inter-
channel spacing for these three pairs are t = 13 um and s; = 62 um , 45
and 51 pm and 42 and 50 um, respectively. While for (a) and (b) only one
of the channels in a pair is filled with oil, for (c) both the channels are
filled with oil. (d)—(f) The maximum torque M. is plotted against the
gap between the channels in a pair. The plots in figures (d)—(f) define cases
for the first channel, the second channel and both channels filled with oil,
respectively. The dashed lines represent the M, data for adhesive films
embedded with uniformly separated channels of d = 8§00 pm (blue) and
450 pm (green), respectively. The insets depict the direction of peeling of
the adherent.

diameters too insert asymmetry and resultant variation in
adhesion strength. For example, for Fig. 5(d), representing 1st
channel filled with oil, M., values remain larger, when the
surface crack meet sequentially the channels of larger and smaller
diameter than the reverse case, i.e. channels of smaller and larger
diameter are met in sequence. Similar directional effects are also
observed in the other cases. In particular, this effect remains most
prominent within a range of s;.

In fact, the effect of directionality is maximized when the
channels are ~100 £ 10 um apart. The corresponding adhesion
strengths for different arrangements and filling statuses of the
channels are obtained and plotted as the bar chart in Fig. 6. Bars
5 and 6 show that, unlike experiments with pairs of channels of
equal diameter, the directional effect on adhesion strength, albeit
small, is observed even when both channels in a pair are filled
with oil. This effect, however, increases when only one of the
channels is filled with oil, similar to our earlier experiments.
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05T
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Fig. 6 The bars (1, 2), (3, 4) and (5, 6) represent, respectively, channel
pairs with the 1st, the 2nd and both channels filled with oil. Bars (1, 3 and
5)and (2, 4 and 6) represent pairs with s = 100 &+ 10 pm and d; = 450 um,
d>» = 800 pm and d; = 800 um, d> = 450 pm, respectively.

Comparison of bars 1 and 3 shows that the directional effect is
maximized when the channels are arranged such that a surface
crack propagates over smaller then larger diameter channels in
sequence. In one case it is the 1st channel which remains filled
with oil (smaller G) while in the other, it is the 2nd channel which
remains filled with oil (larger G). Comparison of bars 3 and 4
shows that significant directionality is achieved also when it is
only the 2nd channel which can be filled with oil; the difference in
diameter of the two channels in a pair results in the directionality.
The data representing bars 1 and 2 and bars 2 and 4 show that
minimum directionality is achieved when either the 1st channel in
a pair is filled with oil or the Ist channel is the one with a larger
diameter. Thus, these results show that use of different diameter
channels significantly enhances the possible ways that direc-
tionality in adhesion can be achieved.

Summary

To summarize, we have presented a novel method for imparting
directionality to an adhesive material by the method of embed-
ding fluidic channels in pairs, and by filling alternate channels
with a wetting liquid. We have shown that the directionality
effect varies non-monotonically with the distance between the
channels. For closely spaced channels, a propagating crack on
the surface of the adhesive cannot differentiate between them,
and if the channels are far apart, the crack cannot “see” the
second channel. Thus, for very small and large distance between
channels, the directional effect does not remain discernible; it is
maximized at an intermediate value. By using channels of
different diameters, we also show the possibility of generating
a large variety of adhesion strengths by this method. In fact, for n
channels, all of different diameters, it is possible to generate 2"n!
different values of adhesion. It is also possible to generate
switchable adhesion by altering the filling status of the channels.
Since the effect is essentially engendered by the change in surface
tension of the solid, these results show that it may be possible to
estimate the surface tension of a solid by measuring the extent of
deformation of the thin skin above the channel. Besides that,
these results also open up the possibility of generating a novel
class of solid-liquid composite soft materials,>® whose physical
properties, e.g. modulus, compressibility, dielectric constant,
lubrication, refractive index and several other physical proper-
ties, can be varied spatially and reversibly by selecting a network
of channels filled with a suitable liquid and by programming their
filling status. Such mechanisms are possibly already prevalent in
nature, as living organisms have to actively alter their surface and
sub-surface structures, tissue deformability, surface wettability
and so on in order to adapt to extreme environmental conditions,
especially in the context of adhesion, locomotion and damping
on a variety of substrates: smooth and rough, dry and wet,
terrestrial locomotion, aerial flight and so on.
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