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appropriate photoresponsive molecule, 
actuation is fast and reversible. For that 
purpose, azobenzene-based molecules 
perform well because of their rapid, revers-
ible  trans  to  cis  isomerization. [ 1–3 ]  Fur-
thermore, azobenzene’s molecular shape 
change can be amplifi ed to a large tangible 
motion by embedding the azobenzene 
moieties in a molecularly ordered polymer 
such as a liquid crystal network. [ 4–6 ]  

 Many research groups are working on 
light responsive materials, and a library 
of actuators is already available using dif-
ferent fi lm geometries and chemistry. Pio-
neering work of Finkelmann et al., demon-
strated large deformation in liquid crystal 
elastomers when the liquid crystalline 
phase of a siloxane polymer undergoes the 
transition to isotropic upon exposure to 
light. [ 7 ]  In more densely crosslinked poly-
domain liquid crystalline networks, Ikeda 
and co-workers made a free standing 
fi lm able to bend in the direction of the 

fi eld of polarization of light. [ 8 ]  Our group and others demon-
strated that the directionality of the light-induced deformation 
is controllable by gradients in the director pattern of the liquid 
crystal. [ 9–12 ]  In parallel, many responsive geometries of azoben-
zene modifi ed liquid crystal networks have been published 
such as surface-attached cilia, [ 13 ]  thin fi bers, [ 14 ]  spheres, [ 15 ]  tiny 
fl oating rafts, [ 16 ]  belts, [ 17 ]  textures surfaces. [ 18 ]  

 Although numerous examples have been published, it 
appears that there is still a threshold to integrate these mate-
rials into large area applications. To bridge the gap between 
the many elementary studies on responsive materials and their 
easy-to-manufacture large area applications we perform studies 
to modify surfaces with arrays of responsive fi bers produced by 
scalable techniques. The applications for surfaces containing 
large numbers of upstanding small fi bers that all give a trig-
gered mechanical response either by bending or rotating will 
be numerous. They mimic nature which gives, with the cilia in 
the respiratory system, an example how species can be trans-
ported over a static surface by a concerted bending motion. [ 19 ]  
However, conventional low molecular weight liquid crystal-
line mono mers are not suited for the anticipated fi ber drawing 
because of their close to Newtonian fl uid behavior. Indeed, in 
this study it was found that the easiest way to achieve the simul-
taneous formation of well-defi ned and highly oriented fi ber was 
to simply draw them from the melt as Ikeda and co-workers 
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  1.     Introduction 

 Microstructured responsive polymer materials that respond to 
an external trigger by a mechanical deformation stimulate the 
development of new, and often not yet addressed applications 
such as autonomous microrobotic elements, haptic surfaces, 
actuating membranes, and sensing particles. Light remains a 
common, valuable trigger because it is remote and nondestruc-
tive, while also having the ability to be used in diverse envi-
ronmental conditions with spatiotemporal control. Using the 
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and Ratna and co-workers reported for a single fi ber. [ 20,21 ]  The 
elongational fl ow during fi ber drawing will provide an excellent 
molecular orientation necessary for the photoresponsive effects.  

  2.     Results and Discussion 

 In order to adjust the viscoelastic properties of the monomer 
blend we switched to a novel approach based on main chain 
liquid crystal oligomers where the fi bers are obtained in a 
two-step method. In the fi rst place, main chain liquid crystal 
oligomers are synthesized by Michael addition as described 
in  Figure    1  . [ 22,23 ]  Specifi cally, two dithiols (a being a short pro-
panedithiol and B being a longer Ethylenedioxydiethanethiol) 
were investigated to understand the effect of the molecular 
structure on the bending behavior of the fi bers. The molecular 
weight of the oligomers is an important parameter for the vis-
coelastic behavior and consequently for fi ber drawing. It was 
found that an average molecular weight ranging between 20 000 
and 30 000 g mol −1  has a suitable viscosity to draw fi bers. Below 
20 000 g mol −1  the oligomers were not viscous enough to be 
drawn and above 30 000 g mol −1  the oligomer could not be 
melted resulting in solid-like mixture rather than a viscous solu-
tion. After synthesis, the oligomer is mixed with the azobenzene 
and the photoinitiator. The mixture is melted and the fi bers are 
drawn in their nematic liquid crystalline state, 90 and 60 °C for 
oligomer A and B, respectively (see Supporting Information 
for complete phase characterization), the oligomer chains are 
cross-linked with an acrylate homopolymerization that incorpo-
rates the photoresponsive monomer (azobenzene) as described 
in the synthetic methods in Figure  1 . This two-step approach, 

the synthesis of the oligomer followed by the coupling with 
responsive molecule, is used because the photoresponsive unit 
is decoupled from the viscosity and mechanical properties of 
the fi ber making the system more modular. Furthermore, the 
azobenzenes copolymerized with multiple main chain oli-
gomers may amplify the photo response; however, comparative 
studies need to be done to confi rm this hypothesis. Ultimately 
the modularity of separating the mechanical properties and pho-
toresponsive properties lead us to use this two-step approach. 

  The method used to draw the fi bers is described in Figure  1 ; 
it is straightforward and gives good control over the fi ber 
in terms of dimension, alignment and position. The fi ber 
diameters typically depend on droplet dimensions and solution 
concentration, being approximately 70 µm for a 10 µL droplet 
of a solution at 270 mg mL −1 . The typical length of the fi ber 
was between 10 and 15 mm, longer fi ber were not able to stand 
straight and shorter fi ber were usually thicker resulting in a 
limited bending. Fibers as produced were characterized with IR 
and found to be fully polymerized (see the Supporting Informa-
tion). Observation of the fi bers between crossed polarizers also 
showed that there is a high degree of alignment (see the Sup-
porting Information), where the molecules are aligned along 
the axis of the fi bers. Finally the polymerized fi bers were char-
acterized with differential scanning calorimetry (DSC) (see the 
Supporting Information) and show a relatively broad Tg well 
below ambient temperature, ranging from −10 to −40 °C. 

 The fi ber array was actuated by exposure to a 365 nm Light 
Emitting Diode (LED) beam with the beam axis parallel to the 
substrate, i.e., perpendicular to the fi ber axes. The results are 
summarized in  Figure    2  . It demonstrates that all fi bers tend to 
bend simultaneously toward the UV light, with some spreading 
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 Figure 1.    a) Synthetic route of the oligomers synthesized by Michael addition. Two dithiols with different fl exibility are used in the fi rst step. The 
azobenzene is added in a second step and fi bers are photopolymerized. b) Schematic representation of the drop casting technique. i) The droplets 
are placed onto a clean glass plate at the desired position, ii) the fi bers are formed by pulling apart two glass plate, and iii) after polymerization and 
cutting the fi bers at one side, the array of fi ber is obtained. c) Photos of the obtained array of fi bers.
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in the response. The fi bers were exposed alternatively from the 
right and left for a few cycles to show that the deformation was 
reversible. At room temperature the thermal relaxation is known 
to be slow for azobenzenes (typically >12 h). In this study we 
have seen that at room temperature, the process is reversible for 
about 2–3 cycles. At a certain point the bending was limited since 
a signifi cant concentration of azobenzene has been converted 
to the  cis  isomer. However at higher temperature, 80 °C for 
instance, the back reaction was faster, and we could successfully 
obtain repeatable bending behavior over more than 10 cycles. 

  Previously, it was shown that for a 10 µm fl at liquid crystal 
polymeric fi lm containing a high loading in azobenzene 
(>4 wt%), the attenuation length is 2.3 µm. [ 24 ]  Here, we assume 
that this value should roughly be of the same order, meaning 
that the fi bers are thick enough so that when all azobenzene 
moieties are still in  trans  state the light only penetrates close to 
the surface, leading to a partial isomerization of azobenzene. 
Upon the conversion to  cis  photobleaching takes place enabling 
a larger penetration. Nevertheless there remains a gradient in 
conversion of the azobenzene from the exposed side inward. 
Subsequently, only the exposed part contracts resulting in a 
bending toward the exposed side. 

 The deformation of the fi ber does not follow a perfect arc 
as was earlier published for LC network fi lms. [ 6 ]  The reason 
might be attributed to the nonuniform thickness of the fi ber, 

or an uneven light distribution when bending occurs, leading 
to a shadow effect. An uneven temperature distribution also 
contributes to the nonuniform bending, the fi bers being heated 
from the bottom with a hot plate the upper part will be few 
degrees colder. The bending was therefore quantifi ed via the 
snapshots of the deformation as shown in Figure  2 A. 

 Fibers A were initially studied; however, the motion was lim-
ited at room temperature and it was necessary to reach about 
80 °C to obtain bending of 30°. To improve the bending at lower 
temperature, the dithiol used during the Michael addition was 
changed to a longer and more fl exible one giving the fi bers B. 
Figure  2  shows that the bending is much larger at lower tem-
perature and already at 38 °C the bending reaches roughly 
30°. Figure  2  also shows that the bending increases linearly 
with temperature until it reaches a point where the motion 
becomes less controlled and the fi bers tend to move randomly. 
This critical temperature was found to be 150 and 130 °C for 
fi bers A and B, respectively. The angular speed defi ned as the 
distance (in degree) covered per second, also increases mono-
tonically with temperature. A maximum speed of 20° s −1  was 
found for fi ber B while only 10 °C s −1  was reached with fi ber A. 
We explain this large difference based on the fl exibility of the 
spacer in the molecular structure of the oligomeric monomers. 

 Finally, we studied the fi bers for transport applications. In 
order to mimic the asymmetric cilia motion in the lungs as 
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 Figure 2.    Fiber bending toward the light source under 365 nm exposure as a function of temperature. a) Example of pictures taken after 10 s exposure 
with an intensity of 25 mW cm −2 . b) Maximum bending of the fi bers under these conditions. c) Angular speed measured over a duration of 3 s.
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reported by Blake, [ 19 ]  the movement we aim at is divided into 
two components; an effective stroke followed by a recovery 
stroke. Each following a different path leading to an asym-
metric motion of the fi ber, as needed for directional transport. 
Interestingly, the fi bers follow the LED light source in all direc-
tions. Meaning that by exposing the fi ber with a complex UV 
light (365 nm) pattern, fi bers were able to follow a path getting 
close to the natural cilia’s motion as shown in  Figure    3  . In the 
fi rst step the fi bers, initially standing straight, bend forward. 
During the second step the fi bers rotate 90° horizontally and 
fi nally the light is placed above, and the fi bers go back from a 
bended state to the initial straight state. The sample was actu-
ated both in air and immersed in paraffi n oil to demonstrate 
the potential use of the fi bers in both air and liquid environ-
ments. The temperature of the surrounding liquid was set at 
37 °C and the actuation was done by simple exposure from 
the side. The fi bers used in that case were fi ber B to achieve a 
larger deformation. The resulting angle that was reached was 
48° +/− 7° in oil. When compared with the data presented in 
Figure  2 , this matches with the result obtained in the air. The 
values are slightly higher and this difference is explained by the 
fact that the temperature is more homogenous in those condi-
tions. However, the angular speed is dramatically decreased in 
the viscous solution going from 7.5° s −1  in air to only 2° s −1  
in liquid due to the drag effect in viscous liquids as compared 
to air. Another explanation for this decrease can be attributed 
to a lower intensity of light striking the fi ber because of refl ec-
tion of the light at the air–liquid interface. Finally, the last step 
was to use the array of fi bers to transport small objects. In this 
case, plastic fl akes of roughly 200 µm thick and 1 mm 2  size 
were placed at the surface of the paraffi n oil. The amount of 
liquid was such that it just covered the fi bers. The temperature 
was raised to 80 °C to reduce the viscosity of the fl uid.  Figure    4   
shows how an object can be moved from a point A to a point B 
by exposing the fi bers array to UV light. The effective distances, 

represented as the dashed double arrow in Figure  4 , covered by 
the fl oating objects are 1.1, 1.1, and 1.3 cm for the objects 1, 2, 
and 3 respectively, over a period of 45 s. Moreover, the overall 
path is similar for the different objects followed which reveals 
control over the direction. However, the path of the object 
does not follow a straight line, instead it is divided in different 
sections matching with the complex exposure described in 
Figure  3 . At the onset of the motion an effi cient displacement 
is obtained in the direction of the LED light, corresponding to 
the effective stroke, followed by more random and smaller dis-
placements when the fi bers are undergoing the recovery stroke. 
This process is repeated several times, creating a type of biased 
random forward motion. The complete trajectory represented 
as the full curved line in Figure  4  is also estimated for the dif-
ferent objects. This distance is covered in 45 s which gives an 
average cruising speed of 0.56 mm s −1  at 80 °C.    

  3.     Conclusion 

 A method to create photoresponsive fi bers based on a liquid 
crystal main chain polymer terminally crosslinked with azoben-
zene has been developed. The technique used allows the simul-
taneous formation of many fi bers as well as a good control over 
the dimension and number of fi bers. The two step synthesis 
also gives an easily adjustable material in terms of its proper-
ties. By simply changing the spacer as demonstrated above 
one could also think of implementing different responsive 
molecules to achieve pH or temperature responsive fi bers, 
for instance. The fi bers bend toward the UV light (365 nm) 
in a cooperative and reversible way. It has been shown that 
the chemical composition of the oligomer plays an impor-
tant role on the bending properties meaning that a more fl ex-
ible spacer enables larger bending at room temperature. The 
bending and the angular speed are also highly dependent on 
the temperature. Finally, it has been shown that the fi bers are 
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 Figure 3.    Complex trajectory of the fi ber. The fi ber is standing straight in its initial state (top). When the light is moved toward the side the fi bers bend 
toward the light in a concerted way (right). The UV light is then rotating 90° and the fi bers follow the direction of light (left). Finally, the light source is 
placed above the sample and the fi bers go back to the straight position.
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able to follow a collective asymmetric bending which makes the 
fi bers suitable for an effi cient transport of objects.  

  4.     Experimental Section 
  Materials : RM82 was synthesized by Philips. A3MA was synthesized 

by Syncom and used without further purifi cation. Dithiol, propane 
dithiol (1A), and Ethylenedioxydiethanethiol (1B) were purchased at 
Sigma Aldrich. Dichloromethane was purchased at Biossolve. 

  Synthesis of Liquid Crystal Oligomers : RM82 (1 g. 1.48 mmol), propane 
dithiol (0.14 g 1.33 mmol), and triethylamine (6.50 mmol) were 
dissolved in dichloromethane (4 mL) and stirred overnight. The reaction 
mixture was then diluted with 70 mL of dichloromethane and washed 
with 20 mL of 1  M  HCl (2×) and 20 mL of brine. The organic phase was 
concentrated with rotary evaporation to produce a white, tacky solid. The 
same conditions were followed for the dithiol 1B using 1.33 mmol. 

  Characterization of the Oligomer : After drying, the oligomer was 
characterized with polarized optical microscope. The pictures 
were collected with bright fi eld transmission light with a Leica DM 
6000M microscope equipped with two polarizers that were operated 
either crossed or parallel. The sample was heated to 150 °C and 
pictures were taken during cooling. The cooling rate was 5 °C min −1  
and was kept until reaching crystallization. To confi rm the phase 
transition temperature DSC was performed on a DSC-Q1000 from TA 
Instruments. The sample was heated to 180 °C at a rate of 5 °C min −1  
and cooled down to 0 °C. Two cycles were recorded and transition 
values were taken from the second cooling cycle. The molecular weight 
of the oligomer was evaluated with gel permeation chromatography 
(GPC). The samples were prepared as such, 1 mg of the oligomer 
was dissolved in 1 mL of chloroform. The solution was fi ltered with a 
20 µm fi lter and 10 µL were injected. The GPC used was a Shimadzu 
apparatus. The column used was a mixed D from Polymer labs, 
reference PS, Mw 200–400 000 g mol −1 . 

  Fiber Formation : The obtained oligomer was mixed with 6 wt% 
azobenzene (A3MA) and 2 wt% Irgacure 819 (photoinitiator) in 
dichloromethane for homogenous mixing. The solution was drop 
casted on a clean glass substrate using a syringe. The fi ber diameter 
typically depended on droplet dimensions and solution concentration 
and was typically 70 µm for a 10 µL droplet of a solution at 
270 mg mL −1 . A second clean glass plate was carefully placed on top 
to create contact and subsequently gently pulled apart. The fi bers 
were formed and the length was determined by the distance between 
the two glass plates. The glass plates were kept vertical and the fi bers 
were polymerized under UV light (EXFO lamp) in a nitrogen box to 

prevent oxygen to inhibit the polymerization. The polymerization 
was held for 1 h to ensure a maximum of acrylate groups to react 
and a UV fi lter (cut off 405 nm) was used to prevent the premature 
isomerization of the photoresponsive molecule (A3MA) during the 
polymerization. After polymerization the fi bers which were attached 
to both glass plates were cut with a sharp blade and elastic free 
standing fi bers were obtained. 

  Characterization of the Fibers : After polymerization, the alignment of 
the fi bers was verifi ed by polarization microscopy immersed in an index 
matching liquid (polymethylphenyl siloxane). The crossed polarizers 
were at 0° and 90° and at −45° and +45°. 

  Actuation of the Fibers : The fi bers standing at the surface of the glass 
plate were exposed to a LED UV light (Thor lab) with a wavelength of 
365 nm with narrow bandwidth. The UV light was moved from right to 
left repetitively and the fi bers followed the direction of the UV light. The 
bending behavior was characterized by measuring the angle between the 
initial state and the bended state. The movements were recorded by a 
camera, and snapshots of the video were used to determine the angle. To 
study the effect of temperature on the bending behavior, the sample was 
placed on a hot plate at different temperature and stabilized for 3 min 
before actuation. Between each measurement the sample was placed on 
a hot plate at 130 °C for 5 min in order to fasten the thermal relaxation 
and have a fair comparison between each measurement in terms of initial 
 cis / trans  population. It has to be taken in account that the temperature 
was inhomogeneous throughout the length of the sample, lowest part 
being warmer than the top of the fi ber. The transport of plastic fl aks was 
studied by immersion of the array of fi ber in paraffi n oil at 80 °C.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    a) Schematic representation of the collective bending of the photoresponsive fi bers leading to the transport of fl oating objects. b) Initial and 
fi nal position of the objects. The full line represents the path followed by the object from A to B and the double arrows represent the effective distance 
covered by the fl oating object. c) Table summarizing the different distances covered by the fl oating object. The effective distance corresponds to the 
dashed double arrow, the total distance corresponds to the full lines and the speed is calculated from this total distance.
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