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ABSTRACT: In liquid crystal elastomers (LCE), the internal mechanical loss increases around
the nematic-isotropic phase transition, and remains high all through the nematic phase,
originating from the internal orientational relaxation related to the so-called ‘soft elasticity’.
Since the viscoelastic dissipation of the materials affects their adhesion properties, the nematic-
isotropic phase transition can cause dramatic changes in the adhesion strength. Although the
phase transitions can generally be induced by heat, here we demonstrate the light-driven
transition in dynamic adhesion in dye-doped nematic LCE. The special dye is chosen to

efficiently generate local heat on light absorption. The adhesion strength is lowered with fine



tunability depending on the light power, which governs the effective local temperature, and
through that the viscoelastic damping of the system. We demonstrate the light-assisted dynamic
control of adhesion in a 90°-peel test, and in pick-and-release of objects, which may lead to the

development of stimuli-responsive adhesive systems with fine spatio-temporal controls.

INTRODUCTION

Pressure sensitive adhesives (PSA)Y? form a class of applications of viscoelastic elastomers and
gels, which generally provide quick adhesion after applying light pressure. These materials have
entered commercial use in applications such as tapes and transient fixation glues. Since most of
PSAs are not intended to perform permanent adhesion, the ability of detachment on demand is
also important. Intrinsically, the characteristics of adhesion and detachment are a trade-off: the
larger peeling force is required to detach the PSA from the adhered counter surface with the
higher adhesion. Thus, if we could reduce the peeling force at the desired moment and location,
the cycle of strong adhesion and easy detachment becomes much more efficient. For this
purpose, the materials that can change the adhesion strength upon external triggers, e.g.,
temperature, chemicals, electrical and mechanical fields, would be required. However, they were
limited to some stimuli-responsive polymers® and their combinations to surfaces with

transformable topography in the celebrated ‘gecko feet” effect* S,

Light is especially attractive as the stimulus to change the adhesive properties®*! because it
allows the fine spatio-temporal control remotely, without direct contact with the system and
electric wiring to the adhesive interface. By incorporating the photosensitive units that directly or

indirectly affect the adhesive properties such as liquid/solid phases, and their viscoelastic



characteristics and shapes, various materials systems with reversible or irreversible switching of

adhesive response have been proposed™?.

For some applications, such as robot gripping hands and the temporary fixation in semiconductor
manufacturing, quick reversibility of the adhesives regarding both chemistry and macroscopic
shapes without leaving residues on the counter objects becomes especially important. For this
purpose, adhesive systems based on soft crosslinked elastomers with their modulus well below 1
MPa without additive tackifires (low-molecular weight compounds often used in PSAs for
increasing stickiness) are preferred™2. As for the key mechanism of the stimuli-response of the
elastomers, the phase transitions are suitable, because the adhesion is modulated via the
associated mechanical properties while keeping the film from flowing. Especially, the transitions
with the well-defined and controllable transition points, which are often accompanied by the

liquid crystal phases'?, are favored.

Nematic liquid crystal elastomers (LCE)*® are a promising group of such materials, since their
moduli are typically less than 1 MPa, and their viscoelastic damping is dramatically affected by
the internal rotations of nematic director, in one of manifestations of the dynamic ‘soft elasticity’
effect’*5, Moreover, upon heating, nematic LCE exhibit the phase transition into the isotropic
state, which is an ordinary elastomer with a much lower viscoelasticity damping than LCE. Since
the strength of adhesion is closely related to the viscoelastic damping®2718 it has been
demonstrated that tangible change of adhesion occurs on crossing the nematic-isotropic

transition in LCE®®,

Although the underlying reason for changing the nematic order parameter is thermal, there have

been several photosensitized systems developed in LCE, mainly to achieve the mechanical



actuation®. The response of the internal nematic order to light has been achieved with the use of
azobenzene units?: %, carbon nanotubes?*, gold nanorods?, conjugated polymers?, as well as
specialized dyes?>?"2, However, the parallel effect of light-induced change in adhesion through

manipulation of viscoelastic dissipation upon the phase transition has not been explored yet.

Here we demonstrate the dynamic adhesion controlled by white light in as-prepared polydomain
nematic LCE doped with an infrared dye as the photosensitizer responding to the longer
wavelength parts of the illumination spectrum. The heat generated by light absorption induces
nematic-isotropic phase transition, locally if the illuminated spot is small. As a result, the
decreased viscoelastic damping in the isotropic phase causes a dramatic reduction in adhesive
strength, leading to detachment from the counter surface. The relationship between the light
power, dye-concentration, and adhesion is investigated. The spatio-temporal control of adhesion

is also demonstrated via the localized and intermittent illumination.

RESULTS AND DISCUSSIONS

General characterization. Having tested a variety of photosensitizers, we focus on the well-
known infrared dye indocyanine green (ICG), which is used in a range of technologies: from
laser welding of polymers to medical therapy. The components that produce our ICG-doped LCE
are shown in Fig. 1a. The films show strong absorption in near-infra red (NIR) region of
spectrum, and only weakly absorbs deep blue light (Fig. 1b), resulting in the greenish appearance
(Fig. 1c). At the wavelength of 800 nm, absorbance of the ICG-doped LCE at ¢ = 0.2wt% is
~250 times as large as that without dye. The calorimetry studies suggest that the nematic phase

exists between the glass transition at Tg, which was difficult to determine precisely, but certainly



below —30°C, and the isotropic transition around Tn; ~ 60°C (Fig. 1d). The as-prepared LCE film
in the nematic phase is opaque due to the strong light scattering from the randomly mis-aligned
nematic domains®®. Upon heating above Tny, the film becomes transparent as the birefringence
contrast between misaligned nematic domains is reduced in the isotropic state, as in ordinary
homogeneous elastomers, further confirming the uniform distribution of dye molecules in the

LCE films.
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Figure 1. (a) Chemical structures of monomers for the main-chain LCE, and the ICG dye
added as the photosensitizer. (b) Light absorption spectra of ICG-doped at ¢ = 0.2wt% and
non-doped LCE films. (c) Visual appearance of LCE film (ICG-doped at ¢ = 0.2wt%). Note
the phase-dependent transparency. (d) DSC curve on heating, showing the phase transition
temperatures. (e) Stress-strain curves at T = 20°C (nematic) and 80°C (isotropic) at different
strain rates. Note, the little dependence of stress-strain response on the strain rate in isotropic
phase (inset). No noticeable change on the stress-strain response was found on LCEs with
different dye content.
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Figure 2. (a) Experimental setup for evaluation of adhesion strength under light irradiation. (b)
Typical force curve in the adhesion experiment. The dwell time, tp, the light exposure time, t., the
pre-load, Lp, and adhesion force, Faq, are labelled in the plot. (c) Temperature-dependent adhesion
force, Fad(T), at pulling speed v = 0.25 mm/s without light irradiation. (d) Velocity-dependent
adhesion force, Faq(v), at T = 20°C and 80°C without light irradiation.



Figure 1e (inset) indicates that the LCE in the isotropic state shows the ordinary linear stress-
strain relation and with little dependency on strain rate. This simply reflects the fact that the
dynamic-mechanical response of the isotropic elastomer has the rubber plateau modulus up to
the frequencies of 1Hz?°. In contrast, the stress-strain response in the nematic phase shows the
typical soft elasticity!3143°, in this case reflecting the re-orientation of the director during
polydomain-monodomain transition. The corresponding dynamic-mechanical response of
nematic LCE is well-studied, showing the dramatic increase of the loss factor (tan o) across the

whole range of the nematic phase®3-26,

Adhesion properties without light irradiation. Typical experiments to measure adhesion
strength were performed with the setup shown in Fig. 2a and produce the force response
illustrated in Fig. 2b. Firstly, we discuss the underlying temperature-dependent adhesion without
light, as shown in Figs. 2c and 2d. The adhesion force, Faq (as defined in Fig. 2a) decreases on
heating, as expected from the previous report on a similar main-chain LCE system?®°. The
observed higher adhesion in the nematic phase is mainly due to the high loss factor, in contrast to
the isotropic elastomer state, where no independent nematic director relaxation is present, and

tan & is low.

Unfortunately, the detailed relationship between the actual energy dissipation upon de-bonding
and the viscoelastic properties of the material, e.g., frequency-dependent storage and loss
moduli, is still difficult to discuss here due to the very complex time-dependent deformation at
the peeling front?. Nevertheless, this mechanism may directly manifest in the adhesion
dependence on pulling-speed, v. Indeed, the LCE film shows the increase of adhesion with v,

supporting the strong correlation between adhesion and viscoelastic damping indicated



qualitatively by the rate-dependent mechanical response seen in Fig. 1e. Moreover, the increase

rate in the nematic phase (20°C) is clearly larger than that of the isotropic phase (80°C),

illustrating that the T-dependent loss modulus mainly governs the present adhesion strength, in

accordance with the previous study™®.
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Figure 3. (a) Temperature distribution on LCE surface around the light spot, illuminated at
P =1 W/cm? for t = 60 s (ICG loading ¢ = 0.5wt%). (b) The increase of local temperature

with time on the LCE surface (ICG loading ¢ = 0.2wt%).

(c) Plots of T"at t = 60 s vs.

illumination intensity P on LCEs with different values of ICG doping. (d) Plots of adhesion
force Faq vs. P at different ICG doping. to =t.=60 s, Lp =1 N and v = 0.25 mm/s.



Characterization of photothermal effect. To understand the light-induced dynamic adhesion,
we need to characterize the relation between light irradiation and local temperature, to find the
proper operation condition. Figure 3a shows a typical distribution of temperature across the film
surface, around the location of the spotlight from the back side of the LCE film through a
transparent glass slide, see Fig. 2a. Note that the top surface is exposed to ambient air for the
measurement using a thermal imaging camera. Upon exposure to light, the temperature at the
opposite sample surface evolves with time, t, depending on the light power, P, as shown in Fig.
3b. Within several seconds, the temperature quickly raises, and would generally approach a
saturation value depending on various conditions, such as P, the ICG dye concentration, c, the
ambient temperature, the sample thickness, d, and the thermal exchange coefficients with air and
the solid glass support, into which the applied heat diffuses. The observed curves (Fig. 3b)
clearly follow this trend within 60 s. After the end of irradiation, the temperature dissipates with

a similar time constant.

Photo-induced dynamic adhesion. The plots of temperature near its saturation level (at t = 60 s)
shown in Fig. 3c confirm the expected effects of P and c. It is possible, for photo-control of
dynamic adhesion, to raise the local temperature towards, and beyond the present Tni ~ 60°C by
adjusting P and/or c. The corresponding adhesion strength data are shown in Fig. 3d. Without the
dye (c = 0wt%), the high adhesion remains, suggesting that the system keeps the highly
dissipative nematic state. In contrast, the dye-doped LCE the adhesion strength Faq shows a

gradual decrease with P, demonstrating the fine tunability of adhesion by the light power.

The LCE with a higher dye concentration (¢ = 0.5wt%) shows leveling of Faq at the higher range
of P above ~1.3 W/cm?. The result qualitatively corresponds to that observed under thermal

control (Fig. 2¢), which also has the plateau at the higher temperature of 70-90°C. This suggests
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that the effective temperature of the LCE surface in adhesive contact with the glass probe falls
into this range. Comparing this range of temperature to that measured without the glass probe,
which was 110-140°C for the corresponding conditions (P = 1.3-2.0 W/cm? and ¢ = 0.5wt%) as
shown in Fig. 3c, ~35°C drop is estimated. Since the solid glass probe absorbs more heat
produced within the LCE film in contact, such a decrease in T is reasonable. This also generally
suggests that the photo-controlled adhesion may be greatly affected by the photothermal
properties of the counter material to be adhered, e.g. its color and thermal conductivity.
Nevertheless, by adjusting P and photothermal energy conversion efficiency via the choice and

concentration of the dye, flexible adaptation to various adhesive situations would be possible.

Spatio-temporal control of adhesion by light. One of the major merits of using light is the ease
to specify the location of adhesion control. To demonstrate this, the 90°-peel test under spatio-
temporal light irradiation is performed (Fig. 4a-4c and SI-Movie 1). Tangibly accelerated peeling

only at the irradiated part is obtained.

Another system shown in Fig. 4d and SI-Movie 2 demonstrates the pick-and-release of plastic
balls, which would be a basic process in general production lines with robotic carriers. Without
light, the surface of the LCE pad is sufficiently sticky to hold a PS ball. The detachment of the
ball is induced by local light irradiation. In this case, both adherence and detachment finish
within a few seconds (see SI-Movie 2) and the process of adherence and detachment can be
repeated over 100 cycles without any noticeable change of the surface topography. The objects,
which are transferable by this system, should depend on the true area of the contact, their
photothermal properties, the weight, and the basic dynamic range of the adhesion of the used
LCE as shown in Fig. 2c and 3d. However, in robotic gripping hands, the design could be more

complicated (not relying on plain adhesion against gravity), and therefore the practical utility of

11



the dynamically switching adhesion is much broader. The properly optimized systems would
readily be applicable in many applications dealing with relatively small solid parts with smooth
surfaces. Further tuning of LCE regarding the photosensitivity, the phase transition nature, and
the viscoelasticity is possible via minor chemical modifications, which would further boost the

broad applicability of the present concept of LCE-based light-controlled dynamic adhesion.

12
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Figure 4. Demonstration of light-induced detachment. (a) An image during the experiment
in the 90°-peel test configuration. Light is irradiated at the interface of the LCE strip
adhered on the transparent glass slide, with the constant load of 14 g applied (giving the
tension of ~20 N/m at the peeling edge). (b) Schematic side view of the 90°-peel
experiment. (¢) The change of the peeled length with time, ¢ Soon after light irradiation,
only the part exposed to the light gets detached: see SI-Movie 1 for the process. (d)
Sequential images of adherence of polystyrene (PS) ball (diameter of 5 mm and weight of
0.2 g) and the light-induced detachment. Here, ¢ = 0.2wt% and P ~ 1.4 W/cm?. See SI-
Movie 2 for the process.

CONCLUSIONS

In conclusion, the light-controlled dynamic adhesion system is demonstrated, exploiting the high

viscoelastic dissipation of nematic LCE and its photo-induced switching via doped

photosensitizer. Other nematic LCE, including photosensitive units directly in the molecular
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structure, or using other dyes and nanoparticle doping may provide the same, or even better
functionality. The combination of light responsive LCE and the additive manufacturing may
provide more convenient systems applicable to handling tools, the general automatic production

lines for electronic boards, micromechanical devices, smart tactile surfaces, and even beyond.

EXPERIMENTAL SECTION

Materials. LCE films were prepared using monomers shown in Fig. 1a. The indocyanine green
dye (ICG)®! was added at different concentrations as the light sensitizer mainly in the near-
infrared region. For preparation of LCE, we used the methods reported previously®2-3*, which
include two-step crosslinking reactions of thiol-vinyl and thiol-acrylate additions, with some
modifications. We followed a two-step thiol-ene/thiol-acrylate reaction sequence to prepare the
light responsive LCE from commercially available starting materials. Acrylate mesogenic
monomers, RM82 and RM257, was purchased from Wilshire Technologies, Inc. Thiol chain
extender, 2,2’-(ethylenedioxy) diethanethiol (EDDT) and vinyl siloxane crosslinker, 2,4,6,8-
Tetramethyl-2,4,6,8-tetravinyl cyclotetrasiloxane (TMTVCTS), and catalysts triethylamine
(TEA), were purchased from Sigma-Aldrich. The photoinitiator, Irgacure 1-651 and the ICG dye,
and the solvent dimethylformamide (DMF), were also purchased from Sigma-Aldrich, and were

used as received.

The standard reaction scheme has been modified to accommodate the addition of the light
responsive dye. We first prepared the thiol-terminated crosslinker via self-limiting thiol-ene click
reaction between the initial tetra-vinyl crosslinker, TMTVCTS, and an isotropic dithiol, EDDT.

The thiol-ene reaction was initiated via 1651 (Photo-initiator, 1.5wt%) and then radically

14



crosslinked with 365 nm UV light for 60 minutes. In another container, ICG (0, 0.2, or 0.5wt%
to the projected weight of the elastomer) was dissolved in DMF (40wt%) and mixed with
RM82/RM257 monomer mixture (80wt% RM82 and 20wt% RM257), selected to produce the
nematic phase, rather than smectic. The mixture was then added into the to the thiol-terminated
crosslinker. The mixture was dissolved by gentle heating (80°C for 5 min) and stirring before
adding TEA (1wt%) to catalyze the thiol-acrylate reaction. The solution was mixed rigorously,
then degassed using a vacuum chamber, and then quickly transferred into a mold (two glass sides
with ~300 um spacer, coated with Rain-X anti-sticking agent). The reacting mixture was kept at
50°C to be fully crosslinked via the Michael addition reaction for 12 h. The molar ratio used was
kept to a fixed proportion of (acrylate : thiol : vinyl) =1.0: 1.2 : 0.2. After polymerization, the
samples were removed from the mold and placed in a vacuum oven at 80°C for 12 h to remove

all solvent, resulting in the final thickness d of ~0.2 mm.

Spectroscopy. Light absorption was characterized using a spectrophotometer (V-670, JASCO)
on the slightly stretched ICG-doped LCE (0.2wt%) and non-doped one with the strain of ~0.3 to

reduce the visible light scattering from the polydomain state®®.

Thermal analysis. The nematic-isotropic phase transition temperature, Tni, of present LCEs
were characterized using dynamic scanning calorimetry (DSC, DSC4000 PerkinElmer). Samples
with ~10 mg were loaded into standard aluminum DSC pans. The samples were heated to 120°C
at 10°C/min, held isothermally for 5 min to undo the thermal history, and cooled to —50°C at
10°C /min~!. Then samples were heated again to 120°C to obtain the data. Nematic-isotropic
transition was identified as the local minimum of the exothermic peak on heating. The existence
of the glass transition was estimated from the drastic change of the slope at lower temperature

range.
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Mechanical analysis. The stress-strain curves for LCE films at two typical phases, nematic at
20°C and isotropic at 80°C, in tensile mode, were obtained using a commercial instrument
(EMX1000, IMADA) under temperature control of sample environment. The resulting sample
width, thickness and effective length were, 10 mm, 0.2 mm, and 30 mm, respectively. The strain
was increased at different rates of extension of 0.00042, 0.0042, 0.042 and 0.42 s to evaluate

the viscoelastic response.

Adhesion tests. For measurement of adhesion, the probe-tack test was conducted. White light
containing near infra-red light of a metal halide lamp (PCS-UMX350, NPI) was irradiated to the
backside of the LCE film (~15x15x0.2 mm?3) fixed to a transparent glass slide with the thickness
of 0.9 mm (Fig. 2a). The irradiated part was a circular spot with the diameter of ~7 mm. The
light power P was varied up to 2 W/cm? and was characterized using a power meter (model3664,
HIOKI) at the wavelength of 780 nm, around which the strong absorption band of ICG exists
(Fig. 1b). On the frontside a flat surface of the glass probe (with the area s 5x5 mm?) with a
certain weight (w = 100 g) was first placed to exert preload FpL ~ 1 N and the state was held for a
duel time, to = 60 s. Then, the probe was pulled at a certain speed, v, monitoring the force during
the detachment (EMX1000, IMADA). For adhesion measurement under light irradiation v = 0.25
mm/s. The maximum force at detachment was defined as adhesion forces Fag. Light irradiation
was started t. (= tp) before pulling. T was monitored using a thermo camera (FLIR C2). Ambient
temperature was ~22°C and relative humidity was ~40%. Separately, temperature, T, dependent

adhesion was also evaluated by controlling T of the surroundings.

For demonstration of spatio-temporal control of adhesion, the 90°-peel test at constant load was
performed. LCE strips with the width of 7 mm, thickness of 0.2 mm, and the length of ~40 mm

was first adhered to a transparent slide glass with the weight of ~14 g hang at one end (Fig. 4a,b).
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By irradiating light at the peeling front, the rapid peeling was observed. Picking up polystyrene
balls with the diameter of 5 mm and the weight of 0.2 g at room temperature and light-induced

releasing of them were also demonstrated (Fig. 4d).
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