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Heat-controlled micropillar array device for
microsystems technology†

Núria Torras, ‡§a Marcos Duque,‡a Carlos J. Camargo,a Jaume Esteve*a and
Antoni Sánchez-Ferrer *b

A new temperature-controlled smart soft material micropillar array has been fabricated via in situ

integration of the liquid-crystalline elastomer-based component into the hybrid microdevice. Such

design allows for developing pushing elements with fast lifetime values of ca. 5 s, and opens huge

opportunities for the use of hybrid smart microdevices with total control on the actuation time/

response, repeatability, stability and energy saving.

Introduction

The integration of organic-based smart soft materials (i.e., liquid-
crystalline elastomers, LCEs) and inorganic-based engineered
microstructures (i.e., Microsystems Technology) leads towards the
fabrication of a new generation of hybrid microdevices (i.e., MEMS/
MOEMS).1

LCEs are the combination of the liquid-crystalline anisotro-
pic state of order and the entropy elasticity of a crosslinked
polymer melt, which results in a material that changes its
macroscopic dimensions if the liquid-crystalline molecules or
mesogens are aligned and kept as a monodomain.2 Such a change
in shape can be promoted either when an external stimulus
induces the local disorder of the mesogens – photo-isomerization
with monochromatic light,3,4 or reorientation with magnetic5,6 or
electric fields7,8 – or when energy is absorbed by the material
raising the material’s temperature and reaching the isotropic
state – increasing the temperature9,10 or absorbing photons that
undergo non-radiative processes.11,12

Integrating LCEs brings flexibility, processability and tunability to
these new hybrid sensors or actuators, where external stimuli are
applied and controlled by the microstructured support.13 Several

examples have already been described where two possible
approaches – ex situ and in situ preparation of monodomains of
LCEs – have been developed for the fabrication of such microdevices.
A top-down approach (ex situ process) is thought for the integration
of the LCE material into the final device previous shaping and
alignment of the smart soft material (e.g., micromotors,14 micro-
grippers,15 micropumps,16 microvalves,17 and Braille elements18),
while a bottom-up approach (in situ process) is considered when
shaping and alignment takes place during the integration process
(e.g., micropillars arrays,19 actuators arrays,20 photonic crystals,21

Braille arrays,22 and artificial iris23). Up to now, slow motions and
high power dissipation process have been reported.

In this work, a successful nematic side-chain LCE micro-
pillar array is presented, which expands in the direction of the
applied orientation when the isotropic temperature is reached.
Such an expansion is controlled by transferring heat, which is
generated in the Au-microresistors placed at the bottom of each
micropillar. Thermal-induced mechanical experiments have
been performed on several LCE micropillars showing a maximal
actuation force value of F = 32 mN after isotropization, and the
presence of a fast (energy uptake) and a slow process (viscoelastic
response), which lifetime values are as small as 5 and 16 s (upon
heating) and 4 and 8 s (upon cooling), respectively. The perfect
control of the LCE microdevice, which allows for minimizing the
time response and energy dissipation, allows to envision a huge
potential for new hybrid microdevice prototypes.

Experimental
Synthesis of the mesogen, crosslinker and the nematic
side-chain liquid-crystalline elastomer micropillar array

The rod-like side-chain mesogen (SCM) and the isotropic sidechain
crosslinker (SCC) were synthesized as described in previous
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papers.24–27 The oriented nematic LCE micropillar array was
prepared using the compression orientational process, where
both the mesogens and the polymer backbones show a planar
orientation.22 After the non-complete hydrosilylation reaction,28,29

the sample was partially deswollen and removed from the reactor/
mold and aligned by applying uniaxial compression perpendicular
to the cylindrical axis. The curing process allowed the completion
of the hydrosilylation reaction, while maintaining the compression
of the sample – second step of the crosslinking reaction in the
nematic phase during the orientation of the samples. The nematic
LCE was synthesized using 20 mol% of crosslinking double bonds
or 11.1 mol% of a crosslinker. For this crosslinking composition,
the sample has 16 side-chain repeating units between two cross-
linkers. In a 5 mL flask, 477 mg (1.60 mmol) of the side-chain
mesogen (SCM) 4-methoxyphenyl 4-(but-3-en-1-yloxy)benzoate,
83 mg (0.20 mmol) of the isotropic side-chain crosslinker (SCC)
1,4-bis(undec-10-en-1-yloxy)benzene, and 120 mg (2.00 mmol SiH)
of poly(methylhydrosiloxane) (PMHS, DP B 259) were placed. To
this mixture, 2 mL of thiophene-free toluene and 40 mL of 1%-Pt
cyclooctadieneplatinum(II) chloride, Pt(COD)Cl2, in dichloro-
methane were added. The reactive mixture was filled in the holes
of the Teflon mold where at the bottom a Pyrex-treated support
with the microstructured gold circuit was placed. The Pyrex support
had in one face a gold printed circuit where a layer of allyl groups
was produced after reacting the rest of the Pyrex surface with
allyltrichlorosilane in order to enhance the adhesion of the LCE
micropillars to the final device. Then, the entire mold was heated at
70 1C in an oven for 1 h 45 min. Afterwards, the reactor/mold was
cooled and the elastomer micropillar array was removed. In this
first step, the elastomer is not totally crosslinked. Some pressure
was applied by fixing the distance between two Teflon plates in
order to align the sample during the deswelling process, and in
order to fix this orientation, the crosslinking reaction was com-
pleted by leaving the elastomer in the oven under a vacuum at
70 1C for 2 days.

Apparatus and techniques

Au-microresistors fabrication. Pyrex wafers of 100 mm diameter
and 700 mm thickness from Präzisions Glas & Optic GmbH were
used as a substrate for the fabrication of the Au-microresistors.
A 2.0 mm-thick positive photoresist layer made out of ma-P 6512
from Micro Resist Technology was spin-coated on top. The layer
was exposed to UV light (l = 365 nm) through a photomask
containing the designs and the final resist was hard baked
during 10 min at 115 1C. A 10 nm-thick titanium–nickel (Ti–Ni)
bilayer was first deposited, followed by the sputtering of a
50 nm-thick gold (Au) layer MRC 903 from Materials Research
Corporation on top. Then, the processed wafer was immersed
in acetone and ultrasounds were applied in order to remove the
non-desired parts of metals (Ti–Ni and Au) and the remaining
photoresist, leading to the corresponding resistors. Finally, the
Au-microresistors were cut into individual chips and their top
surface treated by depositing few drops of the reactive allyltri-
chlorosilane (95%) from ABCR under nitrogen atmosphere in
order to guarantee a strong chemical adhesion of the LCE
micropillars to the substrate.

LCE micropillar array fabrication. The templates for the LCE
micropillars were micromechanized in Teflon to avoid any
degradation during the evaporation of solvents and at high
temperatures. The dimensions of the holes in the Teflon
templates were calculated taking into account the volume
fraction of non-volatiles which are the constituents of the final
LCE micropillar. Some 30 mm side square Pyrex substrates with
0.5 mm thickness were chosen to ensure good heat transfer to
the LCE micropillars. The deformation of the LCE micropillars
was induced by applying a homogeneous uniaxial compression
along the vertical axis of the LCE micropillars before the final
crosslinking process of the material. Thus, from the original
height of 4.20 mm after the first crosslinking stage, the micro-
pillars were uniaxially deformed to 3.40 mm (lz = 0.81) by fixing
their height after the second crosslinking process. This uniaxial
compression (biaxial deformation) is the key step of the pre-
paration process for the alignment of the sample, and together
with the crosslinking density, will define the final expansion
ratio of the LCE micropillars. In the nematic state, the LCE
micropillars have average dimensions of 3.50 mm in height and
2.60 mm in diameter. After heating the LCE array to the
isotropic phase, the average dimensions of the micropillars
changed to 4.20 mm in height and 2.30 mm in diameter. This
change in the LCE micropillar dimensions is directly connected
to an increase in the order parameter of both the planar
oriented polymer backbone and mesogens (Sp = �0.35 and
Sm = �0.33, respectively) towards zero-values (Sp = Sm = 0) upon
isotropization of the material.22

LCE micropillar mechanical analysis. In order to measure
the mechanical actuation of the sample, the LCE micropillar
array was heated from room temperature to 80 1C using a self-
constructed miniaturized hotplate, which consisted of a Peltier
TEC 1.4–6 from Thorlabs placed between two aluminum plates
in order to stabilize and homogenize the temperature. Tem-
perature was monitored by a temperature sensor ITC 510 from
Thorlabs coupled to a power controller. The force generated
during the expansion of the LCE micropillars when heated was
measured using a dynamometer M5-025 from MARK9-10 with a
resolution DF = 0.05 mN, which was in contact with the top
surface of one single LCE micropillar. The use of a microtran-
slational stage allows the correct relative positioning between
these elements. The resistors were connected to a DC power
supplier DF1731SB5A from KaiseCorp., whereas the dynam-
ometer was coupled to a computer, where a self-developed
LabVIEW data acquisition interface was used in order to
collect all relevant data like temperature, time and measured
force. Moreover, a digital multimeter was used to verify the
measurements.

LCE micropillar thermal analysis. The phase transformation
behavior of the LCE micropillars was investigated by Differen-
tial Scanning Calorimetry (DSC) measurements using a Perkin
Elmer DSC8500 differential scanning calorimeter equipped
with a liquid nitrogen controller Cryofill at heating/cooling
rates of dT/dt = 5, 10, and 20 K min�1. The first order transition
temperatures were determined by extrapolating the heating/
cooling rate to 0 K min�1. The glass transition temperature (Tg)
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was determined by the half vitrification temperature (1/2DCp).
The nematic-to-isotropic phase transformation temperature
(TNI) was determined by temperatures of the maxima of the
heat flow. The changes in the heat capacity (DCp) and the latent
heat (DHNI) were calculated from the thermograms.

LCE micropillar microscopy analysis. Changes in the micro-
pillar dimensions as function of temperature or applied voltage
were optically evaluated by means of an optical upright micro-
scope DM LM from Leica. Movies of the expansion and recovery
movements of the micropillars were recorded using a Moticam
2300 3.0 MPixels digital camera and later analyzed using
ImageJ 1.50 software.

LCE micropillar temperature analysis. Infrared thermal
measurements were carried out using a FLIR SC5500 infrared
camera from Flir Systems equipped with InSb FPA detectors
(320 � 256) and a G1 microscopic lens (30 mm-lateral resolu-
tion). All images were acquired at a frame rate of f = 376 Hz, and
an integration time tint = 301 ms. Temperature values on the
surface of the LCE pillar were obtained assuming an emissivity
value of 1.

LCE micropillar modeling. COMSOL Multiphysics software
form Burlington, MA, was used for modelling the system by
finite element methods. Thus, the evolution of both the tem-
perature and the heat flux spatial distribution along the LCE
micropillars were obtained as function of the voltage applied to
the resistor, coupling both heat transfer and electric currents
analysis modules, which are mainly based on the Joule effect in
solids and the Fourier’s and the first thermodynamic laws. The
main properties of the LCE material and their variations

according to the isotropization degree were considered. Detailed
information of the modeling process can be found in the ESI.†

Results & discussion
LCE micropillar array’s preparation and characterization

Constructing a LCE microdevice, which is switchable by controlling
the amount of heat produced by a microresistor, requires for
(i) the fabrication of the inorganic component based on standard
Microsystems Technology knowledge, and (ii) the integration of
the organic component based on liquid-crystalline materials.
In the following, the fabrication process for the obtaining of
Au-microresistors as heating units and the integration of LCE
micropillar on top is described for the construction of a LCE
micropillar array device.

For the actuation of the LCE micropillars, individual
Au-microresistors of 1.5 mm � 1.5 mm were designed to be
partially embedded into the LCE material helping the thermal
actuation, resulting in a fast and uniform response. The
fabrication process for the Au-microresistors based on lift-off
technique is shown in Fig. 1A.30 A 1.8 mm-thick photoresist
layer was spin-coated on top of 700 mm-thick Pyrex wafer to be
used as a sacrificial layer (step I). Then, a standard photolitho-
graphic process was performed in order to transfer the photo-
mask pattern (microresistors layout) to the photoresist (step II),
and a 50 nm-thick Au layer was sputtered on top (step III).
Finally, the photoresist was washed out, lifting-off the non-
desired parts of Au, leading to the microresistors (step IV).

Fig. 1 (A) Fabrication of the Au-microresistors using standard Microsystems Technology. (B) Image of the processed Au-microresistor array on the
handle Pyrex wafer with a detailed view. (C) Image sequence showing the fabrication of the LCE micropillar array on top of the Au-microresistors.
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To improve the adherence of the Au-layer onto the Pyrex
substrate, 10 nm-thick titanium–nickel (Ti–Ni) bilayer was
previously deposited. Fig. 1B shows the array of microresistors
once fabricated with their corresponding tracks and pads for
the electrical connections, together with a detail of their
geometry. In each processed wafer, four 30 mm � 30 mm chips
containing an array of 4 � 4 Au-microresistors were obtained.

The surface chip containing the array of Au-microresistors
was treated with a reactive silane (allyltrichlorosilane) in order
to guarantee good chemical adhesion between both the LCE
material and the Pyrex substrate, as well as to protect the
Au-layer. Afterwards, it was placed inside the designed Teflon
mold to define the shape and distribution of the micropillars
forming the array22 in a way that the Au-microresistors’ centers
coincided with the centers of the holds in the mold, and
resulting in one microresistor for each single micropillar. The
resulting LCE micropillar array device is shown in Fig. 1C, from
the already integrated set of LCE micropillars after the first
crosslinking step to the deswollen and already oriented active
components.

For the fabrication and in situ integration of the liquid-
crystalline actuators, a siloxane-based polymeric material –
poly(methylhydrosiloxane), PMHS, with the corresponding
nematic mesogen and crosslinker was synthesized (Fig. 2A) as
described in previous papers.22,25,27 The resulting nematic net-
work showed low power requirements (Tg o 0 1C; TNI o 80 1C),
allowing for deformations of the whole sample and relatively
high actuation forces. The orientated nematic LCE micropillar

array was prepared using the new orientational process,22

where both the mesogens and the polymer backbone show a
planar orientation. The mixture of mesogen, crosslinker, poly-
mer backbone, and catalyst in toluene was placed in the
reactor/mold gaps, and removed after the non-complete hydro-
silylation reaction at 70 1C. The sample was partially deswollen
and removed from the reactor/mold, and aligned by imposing a
uniaxial compression (biaxial deformation) in the direction of
the cylindrical micropillar axis. The curing process allowed the
completion of the hydrosilylation reaction, while maintaining
the compression of the sample – second step of the cross-
linking reaction – in the isotropic phase at 70 1C during the
orientation of the sample.

Using this deformation approach, a two-dimensional prolate
polydomain conformation of the polymer backbone together
with the mesogens was obtained, which corresponds to a
preferred planar orientation (Fig. 2B). Thus, when isotropiza-
tion of the nematic LCE material takes place, an expansion
along the direction where the uniaxial compression was applied
and a contraction in the other two directions perpendicular
to the applied deformation direction will be measurable. In
contrast to the conventional uniaxially oriented prolate LCE
materials, the two-dimensional prolate polydomains of LCEs
obtained by uniaxial compression (or an equivalent biaxial
orientation) induce an expansion along the macroscopic defor-
mation direction. The actuation principle for the LCE micro-
pillars consists of using an external stimulus to induce an
expansion along the cylinder axis (lz) and shrinkage in the

Fig. 2 (A) Chemical components for the synthesis of the LCE material and the later fabrication of the actuators. (B) Schematics of the planar (radial)
orientation of the mesogens and the polymer backbone reached during the fabrication of the micropillars. Such a 2D distribution of prolate polymer
backbone and nematic domains (polydomain) is perpendicular to the cylindrical axis of the LCE-micropillar (z-axis). (C) Thermo-mechanical principle due
to uniaxial thermal expansion along the cylinder axis when electrical voltage is applied. The bottom series of light microscopy pictures shows the thermal
expansion along the cylinder axis upon heating the LCE micropillar when increasing the voltage from 0 to 5.5 V. (D) Electric current distribution upon
applying a voltage of 6 V (left), and temperature distribution along the Au-microresistor for heating the LCE micropillar base (right) obtained by Finite
Element Modeling (FEM).
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radial direction (lr), as shown from the thermoelastic experiment
conducted on an oriented LCE micropillar (Fig. ESI-1, ESI†).

After the LCE micropillars alignment and final crosslinking,
the demolded LCE micropillars with the embedded microresistors
had a diameter of about 2.62 mm and 3.47 mm length (Fig. 2C),
and a heater resistance of 104 O � 0.1 O (Fig. ESI-2, ESI†). A
sequence of images in Fig. 2C evidenced those shape changes on a
LCE micropillar as function of the applied voltage, from which
the corresponding uniaxial thermal expansion and contraction
coefficients were evaluated. As expected, from 4.0 V the expansion
of the micropillar along the axial direction became clearer, reaching
the maximum expansion of ez = 21% (lz = 0.82) at around 5.5 V,
with the corresponding contraction in the radial direction of
er = 12% (lr = 1.14) as evidenced from the thermoelastic experiment
(Fig. ESI-1, ESI†). Fitting the experimental data with a heuristic
formula, the clearing temperature (TNI = 60.7 1C) could be esti-
mated from the corresponding inflection point in the curve. The
shape of such profile clearly indicated that such two-dimensional
prolate polydomain conformation of the side-chain LCE micropillar
has a supercritical transition behavior.31–34

Finite element modeling (FEM) is a powerful tool for the
design and optimization of devices, as well as for response
prediction, and is commonly used in Engineering and in
Microsystems Technology. In order to properly adjust the
testing parameters and predict the response of the device –
Au-microresistors plus LCE micropillars, computer simulations
were performed using COMSOL Multiphysics software (Burlington,
MA, USA). Thus, an accurate model was created coupling both
electric current and heat transfer analysis modules.

Briefly, in order to obtain the heat flux distribution along
the LCE microdevice, a single Au-microresistor plus a LCE

micropillar was modeled coupling heat transfer and electric
currents modules, which are mainly based on the Joule effect in
solids and on the Fourier’s and the first thermodynamic laws,
for a transient analysis. The main properties of the LCE
material and their variations according to the isotropization
degree, i.e., DCP and DH, as well as changes on the resistivity of
Au under the application of voltage were considered from
experimental results. For an accurate analysis, thermal dissipa-
tion losses due to the contacts between both materials and the
substrate, and convection effects with the surrounding air were
also implemented on the model. Details of the modeling
procedure and the main steps applied can be found in the ESI.†

Fig. 2D shows the electric current distribution upon applying
a voltage of 6 V (left), and the temperature distribution (right)
resulting from the simulation of a single Au-microresistor and
the entire LCE microdevice – Au-microresistor plus the LCE
micropillar, respectively, according to the conditions previously
described. When an electric potential difference of 6 V is applied
between the terminals of the resistor (Fig. 2D-left), the Au layer
heats up rapidly due to the Joule effect, transmitting part of the
generated heat to the base of the LCE micropillar (Fig. 2D-right).

The thermal properties of the LCE micropillars were evaluated
by performing DSC experiments, showing a glass transition tem-
perature Tg = �8 1C with a change in the heat capacity of DCp =
0.420 J K�1 g�1 – characteristic of polysiloxane-based LCEs, and a
clearing temperature of TNI = 59 1C with a transition enthalpy of
DHNI = 1.13 J g�1 – common for nematic elastomers – (Fig. 3A). It
has to be noted that the isotropization temperature (TNI) was
determined by extrapolating the values obtained from the heat-
ing/cooling rate to 0 K min�1, thus fast heating processes will show
clearing temperatures at higher values, e.g., 64 1C at 20 K min�1.

Fig. 3 (A) DSC thermograms of the crosslinked LCE material at different heating and cooling rates. (B) Actuation curves showing the main heating (red
curve) and cooling (blue curve) processes with a maximal actuation force of F = 25 mN. (C) Temperature evolution along the LCE micropillar’s height as
function of time for both heating and cooling cycles with the corresponding temperature profiles at 5 and 40 s heating and at 20 and 50 s cooling.
Temperature values experimentally measured by IR camera (scale bar = 1 mm).

Soft Matter Paper



This journal is©The Royal Society of Chemistry 2017 Soft Matter, 2017, 13, 7264--7272 | 7269

These temperature values evidenced that the material was suitable
for actuation because of having a soft and flexible polymer back-
bone with a relatively low actuation temperature.

Preliminary mechanical testing of a LCE micropillar showed
a relatively fast response after applying 6 V of electrical voltage at
25 1C as shown in Fig. 3B. The heating red curve showed a full
isotropization – 99% of the maximum force of F = 25 mN – of the
LCE micropillar after 45 s, while the cooling blue curve indicated
that only 25 s were needed for the full recovery of the sample.
From the resulting force value obtained upon reaching the
plateau, a full description of the mechanical response of such
LCE micropillars at different applied voltage values was con-
structed. Thus, combining image processing and force measure-
ments allows for the evaluation of both stress (s) and expansion
along the cylinder axis (lz) at different electrical voltage values
(Fig. ESI-3, ESI†). The results show a maximum force of ca.
20 mN, which corresponds to a stress value of ca. 6 kPa at lz = 1.

Temperature evolution along the LCE micropillar’s height as
function of time was evaluated experimentally using an IR
camera upon applying a voltage of 6 V. Fig. 3C shows the
temperature profile at the surface of the LCE micropillar at
different heating and cooling times, proving the direct transfer
of the generated heat in the Au-microresistor to the LCE
material. From the temperature profile analysis during the
heating process (Fig. ESI-4A, ESI†), heat transferred from the
Au-microresistor to the base of the LCE Micropillar is observed,
and accumulates in the LCE bulk material even that some heat
is lost via convection with the surrounding air. After stopping

the applied voltage (Fig. ESI-4B, ESI†), the accumulated heat in
the LCE micropillar is transferred via convection to the setup
air atmosphere and via conduction to the Pyrex-support ele-
ment below the LCE Micropillar. The cooling behavior of the
LCE micropillar is controlled by the thermal properties of the
microdevice elements: the LCE micropillar diffuses heat slower
than the support, thus a maximum in the temperature profile
right above to the LCE micropillar base is observed.

LCE micropillar array’s mechanical response

First mechanical experiments on five LCE micropillars were per-
formed in order to obtain the characteristics of such LCE materials.
The LCE micropillar array device was placed in a closed chamber,
which initial temperature (T0) was controlled by a Peltier system, and
the pushing force (F) was measured when putting in contact the
dynamometer to the top of a LCE micropillar after applying a square
wave electrical voltage (V) as shown in Fig. 4A and Fig. ESI-5 (ESI†).
Each set of data at the same initial temperature was fitted with a
heuristic formula related to a sigmoidal function – Boltzmann
(eqn (1)), which allowed for the estimation of the required voltage
for the isotropization of the LCE micropillar (VNI) corresponding to
the inflection point of the fitting curve (Table ESI-1, ESI†).

FðVÞ ¼ F0 þ
DF

1þ e
V�VNI
dV

(1)

The initial force (F0) obtained from each set of data at
different initial temperature (T0) also allowed for the construction

Fig. 4 (A) Force (F) as function of the applied square wave voltage (V) at different initial temperatures (T0). Note: a maximal actuation force of F = 32 mN was
measured for this LCE micropillar (B) force (F) as function of temperature (T). (C) Temperature (T) as function of the applied square wave voltage (V) at different
initial temperatures (T0). (D) Required voltage for the isotropization (VNI) of the pillar as function of the initial temperature (T0) for 5 different pillars analyzed.
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of a force–temperature plot (Fig. 4B and Fig. ESI-6, ESI†). After
fitting with a heuristic formula related to a sigmoidal function –
Richards (eqn (2)), the isotropization temperature for the LCE
micropillar (TNI) was obtained, which corresponded to the inflec-
tion point of the fitting curve (Table ESI-1, ESI†).

FðTÞ ¼ a 1þ be�c T�TNIð Þ
h i�1

b (2)

Thanks to the inverse function F�1(T) of the previous fitting
curve (eqn (2)) in Fig. 4B, all force values (F) were translated into
temperature values T(F), and a temperature–voltage curve
(Fig. 4C and Fig. ESI-7, ESI†) could be constructed and used
further for determining force–temperature–voltage relationships.
Moreover, this transformation enabled for the determination of the
LCE micropillar temperature when knowing the applied voltage (V)
and initial temperature (T0).

Finally, by plotting the isotropization voltage (VNI) as func-
tion of the initial temperature (T0), a linear relationship was
observed (Fig. 4D) showing that a lower voltage is needed for
the isotropization of the LCE micropillar array when closer the
initial temperature is to the nematic-to-isotropic transition.
Thus, the applied voltage for the nematic-to-isotropic transition
ranges from 5.32 V at 25 1C to 1.98 V at 70 1C.

After determining the most relevant parameter related to
the mechanical response of the LCE micropillar array, time-
dependent experiment were performed upon applying a square
wave voltage to the Au-microresistor using three different setups

(Fig. ESI-8, ESI†). Setup 1 is a closed system, which temperature
is controlled by a Peltier system in direct contact to the bottom
Pyrex surface (‘‘Closed Chamber/Peltier’’ experiments). Setup 2
corresponds to the same assembly that the one for setup 1 but
without controlling the temperature with the Peltier block
(‘‘Closed Chamber’’ experiments). Finally, setup 3 is an open
system where the LCE microdevice is insulated from the Peltier-
heating block (‘‘Open Chamber’’ experiments).

First time-dependent experiments were conducted by using
the ‘‘Closed Chamber/Peltier’’ setup 1, where an initial tem-
perature (T0) controlled by a Peltier system was imposed
followed by applying a square wave voltage (V) in order to bring
the nematic micropillar to the isotropic state. In this way, the
pushing force (F) of the micropillar was monitored as shown in
Fig. 5A and Fig. ESI-9 (ESI†). Experimental data were fitted with
two stretched exponential growth functions (eqn (3)) for the
heating process (Fig. 5A and Fig. ESI-10, red curve, ESI†),

F

Fmax
¼ Fh0

Fmax

� �

þ A m 1� e
� t�t0

th1

� �bh1
0
@

1
Aþ 1� mð Þ 1� e

� t�t0
th2

� �bh2
0
@

1
A

2
4

3
5

(3)

where m, th1 and bh1 and (1 � m), th2 and bh2 are the population,
lifetime and stretched exponent for the fast and slow process,
respectively, upon heating the device. It is worth mentioning

Fig. 5 (A) Force evolution (F/Fmax) upon applying a voltage (DV) of 6.0 V for 120 s at 25 1C, and after removal of the voltage, as well as the corresponding
fitting curves for the heating and cooling processes. (B) Comparison of the three methods used for heating the pillar. (C) Mechanical contribution (A) for
the fast and slow process, and the thermally induced background force as function of the initial temperature (T0). (D) Reproducibility of LCE micropillar
actuation during several heating and cooling cycles.
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that neither two normal exponential growth functions nor one
stretched exponential function could fit the experimental data.
Stretched exponential functions can be understood as a sum of
exponential functions. Thus, we assume that heat transfer takes
place through the sample from the bottom part of the LCE
micropillar to the top, and a continuous force profile is axially
distributed along the cylindrical direction of the LCE micro-
pillar. The resulting pushing force is an average force obtained
between the hottest and the coldest regions along the z-axis,
and can eventually be explained by using stretched exponential
functions where values for the stretch exponent 0 o b o 1
and b 4 1 correspond to a faster (stretched) and a slower
(compressed) process, respectively, compared to the normal
exponential function (b = 1).

A similar procedure was implemented for the fitting of the
experimental data after removal of the applied voltage. In this
case, two stretched exponential decay functions (eqn (4)) were
used for describing the cooling process (Fig. 5A and Fig. ESI-10
(ESI†), blue curve),

F

Fmax
¼ Fc0

Fmax

� �
þ A me

� t�t0
tc1

� �bc1

þ 1� mð Þe
� t�t0

tc2

� �bc2
2
4

3
5 (4)

where m, tc1 and bc1 and (1 � m), tc2 and bc2 are the population,
lifetime and stretched exponent for the fast and slow process,
respectively, upon cooling the device.

The same LCE micropillar was studied with the other two
setups (setup 2: Fig. ESI-11 and 12; setup 3: Fig. ESI-13 and 14,
ESI†). The results obtained from fitting both the heating and
cooling process for the three different setups are summarized
in Tables ESI-2–4 (ESI†). From the fitting of the experimental
data a fast (Fig. 5A and Fig. ESI-10, 12 and 14, orange curve,
ESI†) and a slow (Fig. 5A and Fig. ESI-10, 12 and 14, green
curve, ESI†) were identified. The fast process could be related to
the energy accumulation in the LCE micropillar (small diffu-
sivity coefficient of this material), which percentage decreases
upon increasing the temperature, while the slow process could
be described by the viscoelastic response of the material, which
forces to rearrange all components in the LCE matrix. Basically,
the average time needed in order to achieve 90% of the
maximum response upon heating for both the fast and slow
process was t0.90(fast) = 13, 26 and 18 s and t0.90(slow) = 30, 34
and 33 s – which corresponding lifetime values are th1(fast) = 5,
13 and 8 s and th2(slow) = 18, 16 and 19 s – for the experiments
performed with setup 1, 2 and 3, respectively. Setup 1 transfers
heat faster than the other two setups due to the Peltier system,
and setup 3 minimizes the loss of heat due to the insulation of
the LCE microdevice with respect to the block system. More-
over, the fast process is twice as faster than the slow process.
The analysis for the evaluation of the cooling process brings
average response times of t0.90(fast) = 5, 6 and 10 s and
t0.90(slow) = 16, 18 and 16 s – lifetime values of tc1(fast) = 4, 5
and 9 s and tc2(slow) = 8, 8 and 9 s – for the experiments
conducted with setup 1, 2 and 3, respectively. In this case, the
setup 1 and 2 dissipate better heat contributing to a faster
cooling process that the one observed for setup 3 which the

only mean of heat dissipation is the surrounding air. Moreover,
upon heating and cooling, the fast process is as fast as twice
and three times, respectively, the speed of the slow process with
deviations depending on the setup used. Fig. 5B depicts a
comparison between the different responses of the LCE micro-
device as function of the measuring setup used at 25 1C,
showing that setup 1 is faster than setup 3, which is faster
than setup 2, upon heating, and setup 1 and 2 are faster than
setup 3 upon cooling.

Another point to discuss is the contribution to the total
mechanical response of such a fast and slow process during the
actuation and relaxation mode of the LCE microdevice. Fig. 5C
clearly explains how the percentage contribution of the fast
process (orange data points) is temperature dependent, and the
corresponding decrease in percentage is taken over by the back-
ground mechanical response (black data points), which refers to
the offset force value due to the imposed initial temperature (T0).
Thus, the compensation between these two mechanical contri-
butions makes the slow process (green data points) almost
constant among the range of temperatures studied.

Repeatability and feasibility of the micropillars actuation
were evaluated by means of several cyclic actuation tests. An
example is illustrated in Fig. 5D, where 60 cycles were studied
resulting in a constant force amplitude of Fmax = 20.1 mN �
0.3 mN with no significant variation (s = 1.6%). Further
experiments on another micropillar (Fig. ESI-15, ESI†) during
five on/off actuation cycles where 5.5 V were applied showed a
fully reversible process of maximum actuation force of Fmax =
19.4 mN � 0.4 mN.

Conclusions

A new heat-controlled LCE micropillar array device with two-
dimensional prolate polydomain conformation of the polymer
backbone and the mesogens has been successfully produced.
The macroscopic change in shape of the LCE micropillars is
controlled by the resulting heat (Joule effect) produced when a
voltage is applied to the Au-microresistors at the base of each
LCE micropillar. Such micropillars show a maximum expan-
sion of ez = 21% (lz = 0.82) along the axial direction and a
contraction of er = 12% (lr = 1.14) in the radial direction upon
isotropization of the sample. These changes in the dimensions
produce a maximal actuation force of F = 32 mN (s = 9.6 kPa)
when fully isotropic (lz = 1).

Time-dependent experiments were performed upon apply-
ing a square wave voltage to the Au-microresistor using three
different setups, and the LCE micropillar force evolution mon-
itored in different conditions. The analysis of the resulting
actuation as function of time reveals the presence of a fast
(energy uptake) and a slow (viscoelastic response) process when
heating and cooling the system. The times needed for achieving
the isotropic state and come back to the nematic phase is ca.
30 s and 20 s, respectively, which corresponds to lifetime values
of 5 s (fast process) and 16 s (slow process) and of 4 s (fast
process) and 8 s (slow process) upon heating and cooling the
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LCE microdevice, respectively. Such actuation time is much
faster than the previous LCE microdevice1,13–23 – and similar to
other LCE systems35 – due to the improvement in the LCE
microdevice fabrication and control in the heat transfer by the
use of Au-microresistors in order to reach the isotropic state.

Such combination of Microsystems Technology and Smart
Materials, e.g., LCEs, makes LCE microdevices suitable candi-
dates for haptic applications and for the development of
complex devices through a batch process.
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