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 Liquid-Crystalline Elastomer Microvalve for Microfl uidics 
 Microvalves, as well as pumps and sensors, are some of the 
most crucial components in microfl uidics when fl ow has to 
be controlled. [  1  ]  New developments in microvalves for micro-
fl uidics are looking at reducing the device size, holding higher 
pressures, improving the time response, and ensuring the bio-
compatibility of the components and the technology used for 
the manufacturing. [  2–4  ]  The most common active microvalves 
for fl ow control are based on mechanical actuators (e.g. pneu-
matic, [  5–10  ]  thermopneumatic, [  11–15  ]  thermomechanical, [  16–19  ]  
piezoelectric, [  20–25  ]  electrostatic, [  26–31  ]  electromagnetic, [  32–35  ]  elec-
trochemical, [  36,37  ]  or capillary-force actuators) [  38  ]  in order to con-
trol/stop the fl ow, contain the fl uid, and isolate regions in the 
microfl uidic device. [  39  ,  40  ]  

 Stimuli-responsive polymers are of importance in the actua-
tion fi eld. Hydrogels exhibit a signifi cant difference to conven-
tional microfl uidic actuators with their ability to undergo abrupt 
volume changes in response to the surrounding watery environ-
ment without the requirement of an external power source. [  41,42  ]  
The anisotropic volume change has been reported for a polypyr-
role system which changes its volume when modifying the sur-
rounding electric fi eld, and can block the fl ow rate in a fl uid 
system in a polydimethylsiloxane (PDMS) microchannel. [  43  ]  

 Anisotropic dimensional change is a fundamental property 
of liquid-crystalline elastomers (LCEs), and they will certainly 
receive more attention as the research in the fi eld of micro-
electromechanical systems (MEMS) evolves. [  44  ]  The versatile 
properties of these materials are a result of their elastic prop-
erties, which allow for huge deformations when an external 
force is applied, and for a self-created state of order because 
of the presence of mesogenic molecules. [  45  ]  Using LCEs as 
actuators in microsystems provides new possibilities and chal-
lenges. The liquid-crystalline molecules (mesogenic groups) of 
the aligned elastomers lose their orientation with an increase 
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in temperature, while the polymer backbone shrinks in the 
direction of the director. [  46,47  ]  The nature of the mesogenic mol-
ecules (nematic or smectic), the crosslinking degree (low or 
high density), and the connectivity of the mesogens (side-chain 
or main-chain) to the polymer backbone are factors that deter-
mine the change in length and the mechanical properties of 
LCEs. [  48,49  ]  Spherical monodisperse particles of LCEs have been 
obtained by using microfl uidics, [  50  ]  but little work has been 
done on integrating LCEs in a hybrid way for the development 
of microsystem technology. [  51–53  ]  The new actuation method 
for a microvalve described here successfully combines classical 
silicon technology with LCE actuators for use in lab-on-a-chip 
devices. 

 In this work, we present a successful integration of an ori-
ented nematic side-chain LCE into a silicon-based microstruc-
tured device for the use as a microvalve for microfl uidics. The 
new actuation principle is based on the expansion of the LCE in 
the directions perpendicular to the director and the shrinkage 
in the direction parallel to the director, all of which have been 
considered for the design of the device, based on the actuation 
of the LCE from the nematic to the isotropic state.  

 Liquid-Crystalline Elastomer Preparation : The nematic mono-
domain of a side-chain LCE was synthesized following a two-
step crosslinking process. [  54  ]  All details concerning the syn-
thesis of the mesogen and crosslinker, as well as the procedure 
for obtaining oriented LCEs and their chemical composition is 
described in the Supporting Information (Scheme SI-1). The 
LCE sample was fully characterized by X-ray, differential scan-
ning calorimetry, thermoelastic, and uniaxial stress-strain experi-
ments. Thus, the mesogen’s orientation and the liquid-crystalline 
phase, the change in length as a function of temperature, and 
the mechanical properties were determined (Figures SI-1, SI-2 
and SI-3, Supporting Information,).  

 Microchip Preparation and Assembly : In order to produce a 
functional microvalve structure based on complementary defor-
mations (elongation-bending and sealing of the microchamber 
in the direction of the fl ow, with shrinkage in the other direc-
tion perpendicular to the fl ow upon heating), a complex struc-
ture was designed and manufactured ( Figure    1  ). The volumetric 
fl ow of the medium is ensured underneath the actuator (Level 3). 
A small backing structure on the chip, which is on the same level 
as the bearing surfaces for the two ends of the actuator (Level 
2), then prevents buckling to the normal direction. In this way, 
the actuator deformation in the main direction cannot be avoided 
and the deformation of the LCE is compensated by an elevated 
channel ground (Level 1). Two identical chips were assembled 
together face to face in one system including the elastomer actu-
ator in between. One part of the assembled chip has a copper cir-
cuit on its back for heating; the other one has some electric con-
tacts for temperature measurement (backside of the microchip).  
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4526–4530
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    Figure  1 .     a) Solid model of a half of the LCE microvalve. b) Top view of 
the microchip before assembly.  
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 The different levels for the microfl uidic structure are trans-
ferred to the wafer in a multi-step photolithography process 
with subsequent etchings of the SiO 2  (wet or dry etching) 
(Figure SI-4, Supporting Information). The fi nal “black-silicon” 
process [  55  ]  takes about 20–30 min, and the wafer thickness is 
reduced up to 20–30  μ m. The process is a fragile equilibrium 
between etching and passivation in the inductive coupled 
plasma (ICP) process. The results are 15–20  μ m needles over 
the whole surface of the wafer, but not on the perpendicular 
side walls. 

 The LCE was cut with a YAG-laser to the required dimen-
sions of 0.66( L  z )  ×  3.8( L  x )  ×  0.30( L  y ) mm 3 . The chips were 
diced and the LCE was placed in the chamber at the anchor 
place with a predefi ned orientation and geometry. The distance 
between the actuator and the perpendicular side walls of the 
anchor place was about 100 to 200  μ m. The two symmetric 
parts of the chip were joined together with the actuator inside 
using an external force of about 5 kN at room temperature in a 
hydraulic press, making it impossible to remove them one from 
each other without damaging the device. A platinum (Pt100) 
thermoresistor was placed on and glued to the surface of the 
chip with silver conductive glue to measure the temperature of 
the microchip during the experiments. The electrical contacts 
on the front side and on the back side of the chips were used 
to heat the chip with electric power and to measure the tem-
perature of the microchip. The microchannel openings were 
on the side walls of the chip, and slotted plastic tubes could 
be fi xed and glued to the openings with epoxy resin. The inlet 
and outlet of the chip were also sealed for gases or liquids. At 
present, the black-silicon technology only allows the formation 
of the channel opening at the side walls of the chip. Process 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 4526–4530
optimization for wafers with through-holes is currently under 
investigation. 

 The dimensions of the microvalve structure after the black-
silicon bonding were 10  ×  10  ×  1.04 mm 3 , with a channel size 
of 1  ×  0.66 mm 2 . These dimensions were chosen with respect 
to the thickness of the actuator and easier handling of the 
microchips.  

 Liquid-Crystalline Elastomer Microvalve : The rubber elasticity 
of a LCE actuator, its sealing ability, together with the aniso-
tropic change of its length during the switching process provide 
an effective closing of openings in microfl uidic systems. The 
silicon system and the LCE represent a hybrid entity without 
any fi xed contacts between each other. The main challenge for 
engineering the microvalve is the bonding of the silicon system 
with the LCE actuator at room temperature. A new bonding 
technology, which can be used for silicon structures at room 
temperature has been reported [  55  ]  based on silicon needles, 
which are generated by using a modifi ed ASE (advanced silicon 
etching) process in an inductively coupled plasma system. The 
contact of the two surfaces with black-silicon leads to a force-
assisted, form-fi tting bond. The purpose is to obtain a hybrid 
assembly of a LCE microvalve, in which the elastomer actuator 
can move effectively and regulate the volumetric fl ow rate of 
different mediums such as gases or liquids (e.g. water or air), 
in open mode at room temperature. The thermomechanical 
switching process in the parallel and in the perpendicular direc-
tions to the director is shown in  Fugure 2 a. Up to now, most 
applications with LCEs operate with the main deformation 
along the director (  λ   z   =   L  z / L   z ISO ) of the actuator. [  51–53  ]   

 Although the main deformation has a maximum change in 
length of   λ   z   =   L  z (25 ºC)/ L  zISO   =  1.46, which corresponds to a 
shrinking factor of 1/  ε   z   =   L  z (25 ºC)/ L  z (90  ° C)  =  69%, the com-
plementary deformation perpendicular to the director in the 
two other directions has a maximum change in length of   λ   xy   =  
 L  xy (25 ºC)/ L  xyISO   =  0.83, with its corresponding expansion factor 
of 1/  ε   xy   =   L  xy (25 ºC)/ L  xy  (90  ° C)  =  120% (Figure 2b), and offers 
an easier assembly of the valve system. The designed anchoring 
place is longer and wider than the elastomer length. The cavity 
between the actuator and the side walls of the microstruc-
ture allows an easy mounting of the valve. If the temperature 
increases, the actuator provides a predefi ned and proportional 
variation of the geometry since the volume is constant ( Δ  V   =  
0). Thus, the dimensions in the two directions perpendicular 
to the director increase, while decreasing in the main direction 
parallel to the alignment of the mesogens. This deformation 
or extension of the actuator leads to a self-clamping of the two 
ends of the actuator and a subsequent deformation of the LCE, 
which suffers an elastic buckling in the middle. This deforma-
tion is used for valve sealing in the microchamber when the 
actuator comes in contact with a similar shape. Figure  2 c shows 
the switching principle of a thermomechanical actuator in a 
microchannel system.  

 Microvalve Characteristics : When the temperature increases, 
the LCE microvalve fi lls the room in the directions perpendic-
ular to the director ( L  x  and  L  y ), up to the wall, sealing the interior 
of the structure. When the tension grows, an abrupt buckling 
of the actuator forms in the middle, and closes the micro-
channel. This middle part of the actuator moves to the micro-
chamber and blocks the way of the fl uid at the microchannel 
4527bH & Co. KGaA, Weinheim wileyonlinelibrary.com



4528

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

    Figure  2 .     a) Nematic and isotropic states in a nematic side-chain LCE. b) Uniaxial parallel contraction (  λ  z  ) and perpendicular expansion (  λ  xy  ). 
c) Snapshot pictures during the actuation of the LCE microvalve. The actuator pushes itself at the end of the extension into the microchannel opening: 
moving of the microvalve-structure before the assembly of the microchip (top), and moving of the ready LCE-silicon structure through an artifi cial hole 
in one side of the chip (bottom).   

LzISO

LxISO

LyISO

Lz

Lx

Ly

Δ

λz = Lz /LzISO

λx = Lx /LxISO
λy = Ly /LyISO

n

V = Lz Lx Ly = LzISO LxISO LyISO = constant; λz λx λy = 1

nematic isotropic

LzISO

LxISO

LyISO

LzISO

LxISO

LyISO

Lz

Lx

Ly

Lz

Lx

Ly

Δ

λz = Lz /LzISO

λx = Lx /LxISO
λy = Ly /LyISO

n

V = Lz Lx Ly = LzISO LxISO LyISO = constant; λz λx λy = 1

nematic isotropic

20 30 40 50 60 70 80 90 100 110 120
0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

T
NI

 = 80.5 °C

λz   

λxy

λλ λλ  
=

 L
/L

IS
O

T (°C)

T = Troom Troom < T < Tmax T = Tmax

Lx < Lmv-x Lx ≈≈≈≈ Lmv-x Lx > Lmv-x

L
y

<
 L

m
v-

y

L
y

≈≈ ≈≈
L

m
v-

y

L
y

>
 L

m
v-

y

T = Troom Troom < T < Tmax T = Tmax

Lx < Lmv-x Lx ≈≈≈≈ Lmv-x Lx > Lmv-x

L
y

<
 L

m
v-

y

L
y

≈≈ ≈≈
L

m
v-

y

L
y

>
 L

m
v-

y

T = Troom Troom < T < Tmax T = TmaxT = Troom Troom < T < Tmax T = Tmax

b) a) 

c) 

nn
opening. The actuator then creates extra pressure because of its 
self-clamping at the two ends in the  x -direction. The shrinkage 
of the actuator in the parallel direction to the director ( z -
direction) aids its movement in the microchamber because of 
the friction forces being reduced between the actuator and the 
microstructure. 

 The results of the measurement are shown in  Figure    3  a–c. 
When the applied power increases, the temperature increases, 
which induces a disorder in the LCE microvalve with the con-
sequent changes in its dimensions. At this fi rst step, the LCE 
starts to expand in the  x - and  y -directions. When the elastomer 
reaches the wall of the silicon microchip, only the bending is 
allowed. At the same time, the expansion in the  y -direction is 
sealing the microsystem, and the shrinkage in the  z -direction 
and the design on the microchip fi nally allow the bending and 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com
closing of the microvalve. Thus an increase in the pressure is 
measured, together with a decrease in the fl ow rate as soon as 
the LCE is transformed into the isotropic state. When the elec-
tric power is off, the temperature starts to decrease because of 
the opening of the microvalve, and the exchange of heat with 
new water from the reservoir and the environment. Thus, the 
pressure falls and the fl ow increases again (Scheme SI-2, Sup-
porting Information).  

 The maximum heating power applied by the copper elec-
tric circuit was  P  heat   =  11 W at a volumetric fl ow rate of water, 
d V  water /d t   =  271  μ L s  − 1 . This heating power was dissipated by 
convection and radiation to the environment ( P  diss   =  0.26 W) and 
also by the heat transferred to the water, d Q  water /d t   =  10.74 W. 
The temperature of the water was increased in the microchip 
by  Δ  T   =   T  outlet  –  T  inlet   =  9  ° C. Thus, the needed electric power 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4526–4530
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    Figure  3 .     Characteristic LCE microvalve diagrams with water as medium (height of the reser-
voir  z  0   =  0.172 m): a) heating power, b) temperature, and c) differential pressure as a function 
of time. d) Switching of the microvalve structure in a high pressure experiment (height of the 
reservoir  z  0   =  0.336 m): the microvalve does not open during the cooling process.   
was smaller when the volumetric fl ow rate was decreased or 
when a gaseous medium was used. 

 The differential pressure is the pressure loss in the micro-
valve in the steady state. When the volumetric fl ow rate was 
stopped, the measured differential pressure was the static pres-
sure between the inlet and the outlet of the microvalve ( p  0   =  
  ρ   water   g   z  0 ; where  z  0  is the height of the water reservoir). 

 When higher pressure, thus a higher volumetric fl ow rate, 
was applied to the microchip (Figure  3 d), the LCE microvalve 
could not open again until reaching room temperature. As 
such, the microsystem can be used as a safety microvalve ( p  0   =  
3.3 kPa). Here, the dominating cooling mechanism is the heat 
radiation and the natural convection to the environment ( P  diss   ≠  0, 
d Q  water /d t   =  0). 

 Summarizing, a new actuation principle in a microvalve 
has been shown that can be easily implemented in standard 
microsystem technologies. The new microvalve is different 
from the existent commercial microvalves, being based on the 
main actuation principle for monodomains of a LCE (change 
in dimensions when passing from the nematic to the isotropic 
state). The volumetric fl ow rate can be stopped just in one 
direction. 

 The hybrid integrated microvalve with a LCE as an actuator 
is bonded at room temperature by black-silicon bonding tech-
nology. The fi rst prototype of the LCE microvalve of chip geom-
etry of 10  ×  10  ×  1.04 mm 3  can reach a switching frequency of 
 f   =  0.01 Hz, but different designs, the use of pulsed heating 
instead of continuous modes, and the improvement of LCE 
systems can be used to tune the volumetric fl ow rates and 
switching frequencies (down to milliseconds), [  56  ,  57  ]  as well as to 
improve the effi ciency of the microvalves. 

 This is the fi rst time that a LCE has been used as a com-
ponent for the integration of such a smart material for the 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2011, 23, 4526–4530
elaboration of microvalves for microfl uidics. 
Up to now, only the change in length in the 
direction parallel to the director has been con-
sidered of interest in monodomains of LCEs. 
In this work, both the expansion perpendic-
ular to the director and the shrinkage parallel 
to the director are of crucial interest for the 
control of the microvalve.  
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 Supporting Information is available from the Wiley 
Online Library or from the author.  
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