Angewandte
Zuschriften

- DOI: 10.1002/ange.201400370
Smart Materials fang

Self-assembled Dynamic 3D Fingerprints in Liquid-
Crystal Coatings Towards Controllable Friction and
Adhesion**

Danging Liu and Dirk J. Broer*

Angewandte
Chemie

4630 Wiley Online Library © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2014, 126, 4630-4634



Abstract: Chiral-nematic polymer network coatings form
a “fingerprint” texture through self-assembly. For this purpose
the molecular helix of the coating is oriented parallel to the
substrate. The coating has a flat surface but when actuated by
light in the presence of a copolymerized azobenzene com-
pound, 3D fingerprint structures appear in the coating. The
helix forms protrusions at the positions where the molecules
are aligned parallel to the surface and withdraws at the
positions where the orientation is perpendicular. This process
proceeds rapidly and is reversible, that is, the fingerprint-
shaped protrusions disappear when the light is switched off.
The texture in the on-state resembles that of a human finger-
print and is used to manipulate the gripping friction of a robotic
finger. The friction coefficient drops by a factor of four to five
when the fingerprint switched on because of reduced surface
contacts.

Surface topographies provide many functionalities in coat-
ings. For example, the optical properties of thin films are
largely affected by transformations in surface structure.?
Sub-micron surface patterns alter the wettability by the so-
called Lotus effect.”] And mechanical properties related to
friction*! and adhesion® are of interest in robotics and
human/machine interfaces.” The range of applications would
advance further if it was possible to modulate the surface
topography. And although many efforts have been devoted to
creating surface patterns®” only a few are capable to form
and erase the surface reliefs repeatedly.’! Herein we propose
a new concept to create reversibly switching 3D fingerprints.
This approach has the advantage that the coating operates in
both dry and wet conditions, unlike hydrogel-based coat-
ings.”). Moreover, they are formed by a self-assembling
process without requiring lithographic procedures, in contrast
to the structures published previously.®!” Intrinsically the
self-assembling gives access to lateral structure dimensions
down to micrometer sizes or even smaller. The inactivated
coating is flat. When activated by light fingerprints textures
pop-up in the coating with an in-depth modulation up to 24 %
related to the film thickness and lateral dimensions down to
the micrometer level. Based on the switchable artificial
fingerprints we demonstrate a controllable friction for robotic
grasping and releasing. These artificial fingerprints resemble
those of humans in shape and structure and are potentially
suited for integration in robot fingertips. Inactivated finger-
prints are flat which offers the maximum contact area with the
objects. When addressed with UV light, the 3D fingerprints
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appear and consequently decrease the contact area which
reduces its surface friction and promotes easy release.
Grasping is retained through erasing the fingerprints by
switching off the UV light.

Liquid-crystal network (LCN) technology has been used
for the fabrication of soft actuators.'!! The underlying
mechanism is based on the anisotropic deformation caused
by changes in the order parameter of the liquid-crystal rod-
like moieties embedded in the network. Herein, we present
a new technology to fabricate micrometer-sized dynamic
corrugations. In their monomeric state liquid-crystal (LC)
molecules self-organize by orienting their longitudinal axes
along a common director. In chiral Liquid-crystal films the
director describes a helix, often with the helix axis normal to
the substrate. In this case, we modified the substrate to
provide a strong perpendicular anchoring force to the liquid-
crystal molecules. Consequently, the orientation of the helix
axes is brought parallel to the substrate surface as schemati-
cally shown in Figure 1a. In the absence of other directional
forces the helix axes form worm-like fingerprint textures, as is
shown by the microscope image in Figure 1b (more finger-
print textures are shown in Supporting Information Fig-
ure S1).
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Figure 1. Representation of cholesteric liquid-crystal networks. a) Sche-
matic representation of the dynamics of the fingerprints. b) Polarized
optical microscopy images of a fingerprint texture as observed between
crossed polarizers. Bright regions correspond to planar and black
areas to homeotropic orientation.

We produced liquid-crystal network fingerprints by spin
coating the reactive liquid-crystal monomer mixture on
a glass plate with a homeotropic polyimide orientation
layer. The monomer mixture consists of a homogeneous
blend of liquid-crystal mono- and diacrylates, an acrylate
chiral dopant, an acrylate azobenzene, and the photoinitiator.
Details are given in the Supporting Information (Experimen-
tal details, Table S1-S2, Movie S1). The polymerized liquid-
crystal network film has an almost flat surface with only
a minor relief under 50 nm. Figure 2 a shows the initial surface
profile measured by confocal microscopy. The initial minor
relief is attributed to the Marangoni effect in the monomeric
phase which stems from small differences in surface energy
between planar and homeotropic orientations.'”’ When the
film is exposed to UV light the azobenzene undergoes its trans
to cis isomerization and decreases the order parameter of the
liquid-crystal network. At the points of planar anchoring, the
surface forms protrusions while at the homeotropic positions
it forms wells, as shown by confocal microscopy (Figure 2b).
These changes result in large height differences randomly
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Figure 2. Confocal microscopic images of fingerprints. a) 3D image of
the initial flat state and c) Its surface profile. b) 3D image of surface
topographies under UV exposure and d) Its surface profile.

distributed over the surface. Relaxation to the flat surface
occurs within 60s. This is much faster than the relaxation
times often observed for azobenzene in solution.’ We
attribute this to the mechanochemical stimulation of the cis-
to-trans back reaction of the azobenzene embedded in the
liquid-crystal. In this specific example, containing 5 wt. % of
azobenzene, the thickness of the coating is 2.5 um and the
height difference of the structures formed is 0.6 pm, which is
24 % of the initial height.

We explain the formation of this significant surface
topography by a mechanism where dichroic effects, the
order parameter reduction, and the free-volume effect are
working together in concert. Because of the dichroic nature of
the azobenzene molecules, the parallel aligned molecules
have a more dominant absorption of the incoming light. This
intensifies the photomechanical effect. From our previous
research on standing helices we know that distortion of the
order parameter also leads to a density decrease, hence
a volume increase, of around 10%.1'% In the specific finger-
print configuration light that is absorbed in the homeotropic
region leads to a transversal expansion in the film plane upon
reduction of the order parameter which deforms the planar
area even further. Despite the average orientation is homeo-
tropic there is still enough light absorption to address the
azobenzene moieties by light incoming along the normal.

To elaborate further on this principle we investigated the
relevant parameters such as the pitch of the chiral-nematic
helix, the azobenzene concentration, and the UV intensity.
Under unconstrained conditions, for instance found when the
helix is aligned perpendicular to the surface, the pitch of the
helix P, corresponds to a full 2 molecular rotation. P, relates
linearly to the reciprocal of the concentration of the chiral
component. Under the appropriate conditions related to the
ratio between thickness d and pitch of the helix P,, with 0.3 <
d/P,<0.5 and supported by strong homeotropic surface
anchoring, the planar helix configuration is obtained. We
observed that the actual pitch P; as defined in Figure 1a,
deviates from P, a phenomenon which is described in
literatures for other chiral liquid crystals."* It appeared that
the fingerprint pitch P;relates to P, as P;=iP,, depending on
the anchoring strength i=1, 2, or 4 (Figure 3a). For the

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a)0.6 - b) 25
20
=04 .. 3
<15
A ©
%02 ] ] < - =1 & 10 /
=2 54/
1A .- . /
u/=4
0 1& : : - —
0 1 2 3 0 2 4 6 8 10 12
C (chiral dopant) (w%) Py (um)
€) 30 - d) 20 -
25 16 4
221 £ )
@ 10 4 @ ]
54 41
0 T T T y 0 T T T y
0 3 6 9 12 0 100 200 300 400
C (AZO) (W%) UV intensity (mW.cm?)
e) f) 2

Height (um)
o

Length (um)

Figure 3. Analysis of the fingerprints. a) Pitch dependence on chiral
dopant for different surface anchoring conditions. b) The effect of
pitch on the strain of fingerprints, the azobenzene concentration is

2 wt.%. c) The effect of azobenzene (AZO) concentration on the strain
of fingerprints. d) The deformation of fingerprints increases with
increasing UV intensity. e) The polarization optical microscope image
of a regular texture and f) The surface profile at the initial non-
actuated state (red line) and actuated (black line).

anchoring-free conditions P;= P, and i=1. With increasing
anchoring forces i increases stepwise to 2 or 4. In our specific
case i is usually equal to 2. In principle P;can be varied from
sub-micron dimensions to infinite. For our experiments
displayed in Figure 3b we chose to vary P; between 2 um
and 10 pm. It is good to emphasize that the periodicity of the
expanding and retracting areas is half of the pitch. Within the
measured range of P;=4-10 um the measured strain is about
constant. The strain is defined in this case as the modulation
height of the structures divided by the initial thickness. At
P;=2 pm the effect becomes smaller and assumingly goes to
zero when P, approaches the hypothetical zero.

The influence of the azobenzene concentration was
studied while keeping all other parameters constant. In
Figure 3¢ we plotted the strain versus the azobenzene
concentration. It shows that already at 2 wt. % of azobenzene
exhibits a large photo-responsive effect. This demonstrates
that the cooperative loss of order of the liquid-crystal network
is responsible for the dimensional change rather than the
photomechanical effect of the azobenzene molecules alone.
The height of the artificial fingerprints can be adjusted by UV
light intensity, as seen in Figure 3d (the corresponding 3D
confocal microscope images are shown in the Supporting
Information Figure S2). This can be attributed to the level of
the photo-stationary state of the trams-to-cis equilibrium
which shifts the conversion into higher values with increasing
intensity. In this case, we restricted the UV intensity up to
a value of 400 mWcm™ to assure that the photo-response
dominates over thermal effects. Thermal effects have been
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further investigated and reported in the Supporting Informa-
tion Figure S3.

The texture of the fingerprint are in general random
(Figure 1b, Supporting Information Figure S1) but can also
be made more regular. In Figure 3 e, we demonstrate a texture
with a line structures with the periodicity of around 18 pm.
The alignment of the line structure is obtained by applying
a unidirectional low-pressure buffing of the polyimide align-
ment film prior to processing of the liquid crystal monomer
mixture.

The actuated fingerprints exhibit a height modulation of
over 20 % with respect to the initial coating thickness. We use
the appearance of the elevated structures to tune the friction
force. The kinetic friction force (F}) of the coating is studied
with and without fingerprint structure. It is measured by two
coatings sliding against each other at a constant speed under
a constant normal load Fy. Details of the setup are shown in
the Supporting Information Figure S4. Figure 4a shows the
linear relationship between F; and Fy. The kinetic coefficient
friction, is defined as u, = £-."" Basically 4 is the nature of
the coating and independent of the loading. The friction
coefficient drops from 0.4-0.5 with a flat coating to 0.1 when
the fingerprints are “on”. The friction traces in Figure 4b are
recorded when the fingerprints are cycled between the “on”
and “off” states under a constant load of 0.5 N. The left trace
in Figure 4b shows the force during the transition from dark
to illuminated. The value of u, drops from 0.4 when the
coatings are flat to 0.1 when the fingerprints are switched
“on”. The right trace, records the “off” switch from illumi-
nated to dark; y, increases to its original high value within
seconds. In the presence of the random fingerprints the
contact area is decreased. Based on this observation, we
demonstrate a gripper that releases its object upon switching
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‘on’ the fingerprints by UV light. In this experiment we
clamped a bare glass plate between two surfaces with
fingerprint coating at the inactivated flat state. When
activating the lamp the gripper releases its load within
3seconds (Figure 4c—f). A common problem in micro-
robots is that objects easily stick to soft gripper tips. This
releasing mechanism, based on minimizing the friction,
provides a solution for this problem. In fact, the integration
of our fingerprints coating on robotic finger tips is a nice
example of nature inspired technology.

In the case the coating are provided with the random
fingerprints the dynamic friction is reduced. Alternatively,
when the fingerprints are given a more organized structure,
such as the switchable linear protrusions shown in Figure 3e,
the protrusions interlock and consequently the friction
increases!’® when the fingerprints are switched on. In this
case u, increases from 0.4-0.5 to 0.6.

In conclusion, we have presented a new approach in
designing smart coatings. Three-dimensional fingerprint
structures can be induced and modulated by UV light. The
morphology providing the artificial fingerprints forms
through self-assembling at molecular level in reactive chiral-
nematic liquid-crystals. This innovative method creates
dynamic surface patterns with in-plane dimensions ranging
from tens of nanometer to infinite without involving the
conventional lithographic process. The formed fingerprints
exhibit a significant increased strain of more than 20 %. This
means that we can easily create surface topographies with
heights of micrometers in thin polymer coatings. Working
towards an application we demonstrated that friction can be
modulated by light thereby cycling the friction coefficient
between 0.1 to 0.4-0.5. Mimicking robotic fingers we built
a gripper that releases its load by switching on the finger-

prints. In addition to the use of dynamic friction in
controlling grip and release, this could lead to
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Figure 4. Change of friction between fingerprints “on” and “off”. a) Friction

forces versus loading and their linear fits. b) Dynamic force traces when

switching the fingerprints between “on” and “off”. For reasons of clarity the
right trace is shifted 10 mN upwards. c)—f) Snapshots of a gripper that releases

an object upon UV illumination. The movie is given in the Supporting
Information, Movie S2.
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