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Direct Sun-Driven Artifi cial Heliotropism for Solar Energy 
Harvesting Based on a Photo-Thermomechanical Liquid-
Crystal Elastomer Nanocomposite
 Inspired by heliotropism in nature, artifi cial heliotropic devices that can 
follow the sun for increased light interception are realized. The mechanism of 
the artifi cial heliotropism is realized via direct actuation by the sunlight, elimi-
nating the need for additional mechatronic components and resultant energy 
consumption. For this purpose, a novel reversible photo-thermomechanical 
liquid crystalline elastomer (LCE) nanocomposite is developed that can be 
directly driven by natural sunlight and possesses strong actuation capability. 
Using the LCE nanocomposite actuators, the artifi cial heliotropic devices 
show full-range heliotropism in both laboratory and in-fi eld tests. As a result, 
signifi cant increase in the photocurrent output from the solar cells in the 
artifi cial heliotropic devices is observed. 
  1. Introduction 

 Heliotropism is an intriguing attribute of some plants whose 
leaves or fl owers, when directlydriven by the sunlight, can 
follow the sun for increased light interception. [  1  ]  Inspired by 
nature, we have realized artifi cial heliotropic devices, utilizing 
actuators based on a photo-thermomechanical liquid crystal-
line elastomer (LCE) nanocomposite that we have developed. 
The mechanism of our artifi cial heliotropism is realized via 
direct actuation by the sunlight, eliminating the need for addi-
tional mechatronic components and resultant energy con-
sumption. Our LCE nanocomposite can be directly driven by 
natural sunlight, has reversible photomechanical response, and 
possesses strong actuation capability. Using these LCE nano-
composite actuators, our artifi cial heliotropic devices showed 
full-range heliotropism in both laboratory and in-fi eld tests. As 
a result, signifi cant increase in the photocurrent output from 
the solar cells in our artifi cial heliotropic devices was observed, 
depending on the incident light direction. 
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   Figure 1   shows the concept of our 
artifi cial heliotropism. The solar cells 
are installed on a platform that is con-
nected to actuators and elastically sup-
ported so that it can tilt under the 
actuation force (Figure  1 a). At any time 
instant, actuator(s) facing the incoming 
sunlight would be in a contracted state, 
while other actuators not exposed to the 
sunlight would be in the relaxed state. 
Consequently, the platform holding the 
solar cells would be driven by the con-
tracted actuator(s), and self-adaptively tilt 
towards the sunlight, hence the artifi cial 
heliotropism and increased photocurrent 
output from the solar cells (Figure  1 b). 
Note that the actuation/tilting and the resultant artifi cial heli-
otropism are directly driven by the sunlight. Different from 
the current man-made solar tracking systems which are gen-
erally realized through mechatronic designs, [  2  ,  3  ]  our approach 
possesses the elegance and simplicity in natural heliotropism, 
and avoids the use of complicated electro-mechanical actuator 
and feedback systems, and their inherent high cost and power 
consumption, which unfortunately signifi cantly negates the 
gain offered by power generation. Compared to other pas-
sive solar tracking systems, [  3  ]  such as those based on thermal 
expansion of gases or metals, our approach realizes full-range 
tracking with a much less complicated system. Our approach 
is also self-contained, thus being able to be combined with 
other methods to increase the solar cell output, including 
enhancing the conversion effi ciency [  4–12  ]  and implementing 
concentrators. [  13–16  ]   

 Light-driven materials promise important roles in many 
applications, as light is a clean energy source and can be 
remotely and conveniently manipulated. [  17  ]  It is highly desired 
to develop materials that can convert the energy of natural sun-
light into mechanical work. Our artifi cial heliotropism concept 
requires actuators that can directly respond to the natural sun-
light with mechanical actuation, and such response must also 
be reversible. There is yet a material that can fulfi ll all these 
requirements. Our solution is to develop actuators based 
on photo-thermomechanical liquid crystal elastomer (LCE) 
materials. LCEs are unique materials with properties of both 
liquid crystals and elastomers; the self-organization nature of 
liquid crystal systems and the fl exibility from the rubber elas-
ticity allow for large and reversible anisotropic dimensional 
change in response to applied stimuli. [  18–23  ]  They are therefore 
m Adv. Funct. Mater. 2012, 22, 5166–5174
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     Figure  1 .     Concept of the artifi cial heliotropism. a) 3D schematic of the system. b,c) 3D schematic of the heliotropic behavior. The actuator(s) facing 
the sun contracts, tilting the solar cell towards the sunlight.  
promising for applications in smart actuators, artifi cial muscles 
and microelectromechanical systems (MEMS). [  24–31  ]    

 2. Results and Discussion  

 2.1. Photo-Thermomechanical LCE Nanocomposite 

 In order to realize sunlight driven actuators for the artifi cial 
heliotropism in our work, we developed a LCE nanocom-
posite formed by incorporating single-wall carbon nanotubes 
(SWCNTs) into a matrix of nematic LCE. SWCNTs can effi -
ciently absorb and convert photon energy into thermal energy 
and have excellent thermal conductivities, [  32  ]  thus acting as 
nanoscale heat source and thermal conduction pathway to effec-
tively heat the LCE matrix, elevating its temperature to above 
the nematic–isotropic transition temperature ( T ni  ), changing 
the nematic order, and leading to a reversible axial contraction 
and mechanical actuation. [  33  ]  This photo-thermomechanical 
LCE nanocomposite is capable of utilizing the photon energy of 
the wide spectrum of light simultaneously to realize photo-ther-
momechanical actuation. Therefore, different from those photo-
mechanical responsive LCE materials based on incorporating 
photoisomerizable molecules or molecular chromophores into 
the LCE network, whose photo actuation can only be induced 
by fi ltered light to specifi c wavelengths, [  23  ,  24  ,  26–31  ,  34  ,  35  ]  our LCE 
nanocomposite can fully utilize the energy from light sources 
for mechanical actuation. Moreover, the incorporation of 
SWCNTs into this LCE matrix also signifi cantly decreases the 
 T ni   of the material, [  33  ]  thus lowering the threshold for its photo-
thermomechanical actuation. These two factors hence enable 
the actuation of the LCE nanocomposite by natural sunlight. 

 Furthermore, in order to enhance the actuation capability 
of the LCE nanocomposites for implementation in artifi cial 
heliotropism, we successfully incorporated polyurethane 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 5166–5174
fi ber-networks as the reinforcement phase into the nematic 
LCE matrix. The fabrication of the polyurethane fi ber-net-
work/SWCNT/LCE composite, which was performed through 
a two-stage crosslinking coupled with a drawing process, is 
shown in  Figure    2   and detailed in the Experimental Section. 
The anisotropic alignment of the mesogens in LCE matrix of 
the polyurethane fi ber-network/SWCNT/LCE composite was 
investigated by using X-ray scattering.  Figure    3  a exhibits a 
characteristic X-ray diffraction pattern of an aligned nematic 
liquid crystal [  19  ]  with a pronounced azimuthal distribution of 
intensity at 2 θ   =  20.15 ° , corresponding to a dimension of lat-
eral packing mesogenic units  ≈ 0.48 nm. The introduction 
of polyurethane fi ber-network in nematic LCE matrix brings 
about a broad ring in the X-ray diffraction pattern, which can 
be identifi ed by comparing with the X-ray diffraction pattern 
of the bare polyurethane fi ber-network shown in Figure S1 
(Supporting Information) .  However, the uniaxially ordered 
LCE matrix creates two areas of high intensity on the ring, 
which is confi rmed by the two peaks in the azimuthal inte-
gration of wide-angle diffraction arc, as shown in Figure  3 b. 
Some smectic fl uctuations can bring weak small angle refl ec-
tions on the equator in the X-ray diffraction pattern, [  19  ]  which 
results in the weak shoulder peaks between two large peaks 
in Figure  3 b. The result proves an LCE nematic-phase texture 
with the mesogenic units being well uniaxially aligned. The 
SWCNTs incorporated into the LCE did not have a specifi c ori-
entation. [  33  ]  The DSC measurement of phase transitions indi-
cates that the nematic-isotropic transition temperature ( T ni  ) of 
the fi ber-network/SWCNT/LCE also signifi cantly lowered com-
pared to that of the blank nematic LCE. As shown in Figure  3 c, 
the  T ni   of the blank nematic LCE itself is 80.3  ° C, while the 
 T ni   of the fi ber-network/SWCNT/LCE nanocomposite is about 
68  ° C. This much lowered  T ni   ( < 70  ° C) signifi cantly facilitates 
the actuation of the fi ber-network/SWCNT/LCE by the natural 
sunlight. The fi ber-network/SWCNT/LCE nanocomposite 
5167wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     Fabrication process for the fi ber-network/SWCNT/LCE nanocomposite fi lms.  
demonstrated strong photo-thermomechanical response char-
acteristic. Figure  3 d–f shows the photo-thermomechanical 
response of a fi ber-network/SWCNT/LCE nanocomposite fi lm 
under a white light radiation (intensity: 230 mW cm  − 2 ) at room 
temperature of 25  ° C. The fi ber-network/SWCNT/LCE nano-
composite fi lm exhibits a rapid and uniform contraction of 27% 
in several seconds. After the light source was removed, the fi lm 
restored to it original length in several seconds.   

 Incorporating SWCNT/LCE with polyurethane fi ber-network 
greatly enhanced the mechanical properties of the actuator 
material, especially the mechanical strength at high tempera-
ture. In our experiments, we found that the SWCNT/LCE com-
posites alone as the actuator for artifi cial heliotropism without 
the reinforcement of polyurethane fi ber network was prone to 
fracture, during the photo-thermomechanical actuation process 
under a high temperature above their  T ni   and a large loading 
for a long time. So far, there has been no report on using con-
tinuous fi bers as the reinforcement phases for nematic LCE 
matrices. It has been reported that fi lling carbon nanotubes 
into the LCE matrices can improve their mechanical perform-
ances. [  33  ,  34  ,  36  ]  In principle, the mechanical performances of 
composites could be much enhanced with the reinforcement 
of continuous fi bers. [  37  ]  We used a continuous fi ber network, 
a polyurethane fi ber network, as the reinforcement phase of 
the LCE composites. The fi ber-network/SWCNT/LCE compos-
ites could easily serve as actuators without apparent damage 
and degradation for hundreds of cycles. The rupture strength 
of the fi ber-network/SWCNT/LCE fi lm at a temperature higher 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
than its  T ni   (i.e., in isotropic phase and contracted state) was 
measured to be around 800 kPa, while that of the SWCNT/LCE 
without the fi ber-network reinforcement under the same condi-
tion was about 160 kPa. The fi ber-network/SWCNT/LCE thus 
possesses suffi cient actuation capability for the artifi cial helio-
tropic devices due to its much improved mechanical property 
compared to the SWCNT/LCE nanocomposite.   

 2.2. Light Concentrator and Heat Collector (LCHC) 

 In order for the effective actuation of the LCE nanocomposite 
actuators under natural sunlight, we have also designed a 
relatively simple structure to accompany them. This structure 
( Figure    4  a) serves as both a light concentrator and a heat col-
lector (LCHC). The high-refl ectivity multilayer polymer fi lm 
at the inner back of the structure forms a cylindrical mirror, 
and the actuator is placed close to its focal line. The distribu-
tion of the intensity of the refl ected light at the plane where 
the actuator is placed is simulated using Zemax. As shown in 
Figure  4 b, the major portion of the incident light is collected by 
the cylindrical mirror and focused back onto the actuator plane. 
The position of the focal line translates as the direction of the 
incident light varies. As shown in Figure  4 c,d, when the alti-
tude and the azimuth of the incident light both deviate around 
30 °  from the normal incidence, the focused line moves verti-
cally by 5.3 mm and laterally by 5.3 mm. Thus, in our design, 
we use actuators with widths of more than 12 mm and lengths 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5166–5174
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     Figure  3 .     a) An X-ray diffraction pattern obtained from a fi ber-network/SWCNT/LCE sample. b) Azimuthal intensity distribution of the X-ray diffraction 
pattern of fi ber-network/SWCNT/LCE. c) DSC data curves of the blank LCE and fi ber-network/SWCNT/LCE nanocomposite. d,e,f) Optical images of 
the photoactuation of a fi ber-network/SWCNT/LCE fi lm. The fi lm, with dimensions of 83 mm  ×  12 mm  ×  0.8 mm and a load of 3 g weight, is irradiated 
by an incident white light of 230 mW cm  − 2 . d) The initial state of the fi ber-network/SWCNT/LCE fi lm. e) It contracts to a stable length of 60 mm, which 
is about 73% of the initial length, after 12 s under irradiation. f) It recovers to its initial length 12 s after the light source is switched off.  
of more than 75 mm to ensure that the major portion of the 
focused light would be onto the actuator fi lm. The black poly-
tetrafl uoroethylene (PTFE) bulk of the LCHC structure helps 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 5166–5174
maintain a higher local temperature around the actuator by 
reducing the heat conduction with its low thermal conductivity 
( ≈ 0.25 W m  − 1  K  − 1 ). The LCHC chamber is also semi-sealed by 
5169wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     a) 3D schematic of the LCHC and its components. b) Zemax simulation of the intensity distribution of the collected and refocused light from 
a normal incident (0 °  altitude, 180 °  azimuth) collimated light beam (intensity: 100 mW cm  − 2 ), on the plane where the actuator resides. c) Intensity 
distribution on the same plane with an incident collimated light illuminating from 30 °  altitude and 180 °  azimuth. d) Intensity distribution at the same 
plane with an incident collimated light illuminating from 30 °  altitude and 150 °  azimuth. e) Contour plot of the air temperature distribution inside the 
LCHC by simulation using ANSYS, considering the radiation absorption of the black PTFE bulk. f) Contour plot of the air temperature distribution 
around the actuator without an LCHC. The temperature of the actuator was set at 69  ° C ( >  T ni  ) and the ambient temperature was set at 22  ° C. Comparing 
(g) and (h), the heat dissipation with LCHC is much less than without an LCHC.  
a high-transmittance glass slide, greatly reducing the airfl ow 
and heat convection around the actuator. Simulation result by 
ANSYS shows that the LCHC is able to maintain the tempera-
ture of the air inside the LCHC (Figure  4 e), while without the 
LCHC the heat dissipates to the ambient much more easily 
(Figure  4 f). As a result, it is easier for the temperature of the 
fi ber-network/SWCNT/LCE actuator to stay above its  T ni   and 
maintain its contracted state when the actuator is facing the 
sunlight. More detail on the LCHC structure and the simu-
lation parameters is given in the Supporting Information 
(Figure S2–S8).    

 2.3. Artifi cial Heliotropism Performance 

 We then characterized the heliotropic capability of a single unit 
consisting of one LCHC and one fi ber-network/SWCNT/LCE 
fi lm actuator ( ≈ 80 mm  ×  12 mm  ×  0.8 mm) placed at the focal 
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
line of the cylindrical mirror of the LCHC. In-fi eld tests were 
performed between July and August 2011 in Madison, WI, USA. 
Two units were utilized but only one would face towards the sun 
in these tests.  Figure    5  a,b shows the result during one in-fi eld 
test at 43  °  4 ′ 20 ″ N, 89  °  24  ′  44 ″ W on August 3, 2011. Initially 
the device was blocked from the sunlight. Then the actuator in 
the right unit was made facing the sun and started to contract. 
In  ≈ 110 s, it stopped contraction and the solar cell was 
tilted towards the sun by 16.3 ° . More results of these in-
fi eld tests are included in the Supporting  Information 
(Movies 1–3). The increase in the photocurrent output 
from the solar cells due to artifi cial heliotropism vs. the 
direction of the incident light was characterized in our labora-
tory so that the tests would be less affected by natural elements 
such as wind, haze, and clouds. In these laboratory tests, the 
solar cells were initially horizontal (the photocurrent output at 
this initial state was the baseline), and the incident light was 
from a white light source (intensity: 100 mW cm  − 2 ; partially 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5166–5174
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     Figure  5 .     Heliotropic behavior of a 2-LCHC-actuator-unit device during one in-fi eld testing (a,b) and resultant photocurrent increase with a single 
LCHC-actuator unit (c). The in-fi eld test was conducted at 43 °  4 ′ 20 ″ N, 89 °  24 ′  44 ″ W on August 3, 2011. Initially the device was blocked from the 
sunlight. a) The actuator was just exposed to the sunlight and began to contract. b) After 110 s, the actuator achieved a full contraction state and the 
solar cell was tilted by 16.3 ° . c) Photocurrent increase owing to artifi cial heliotropism with a single LCHC-actuator unit. The incident light was kept at 
100 mW cm  − 2  but was from different directions. d) The altitude-azimuth coordinate system used. The origin was the center of the actuator facing the 
light. The normal incidence direction was 0 °  altitude, 180 °  azimuth.  
collimated; spot diameter: 101.6 mm). Figure  5 c shows the 
results. The direction of the incident light is identifi ed by the 
altitude angle and the azimuth angle of the light source with 
respect to the center of the actuator, considering the direction of 
“normal incidence” to the actuator as 0 °  altitude and 180 °  azi-
muth (Figure  5 d) shows the altitude-azimuth coordinate system 
used; more detail is included in the Supporting Information). 
Heliotropism owing to one LCHC-actuator unit resulted in 
large increase in the photocurrent output at normal incidence, 
and by more than 100% in the 150 ° -210 °  azimuth range at 0 °  
altitude (note that the base photocurrent was low in these situ-
ations). When the altitude angle of the light source increased to 
60 ° , increase in the photocurrent was still more than 4%. Alti-
tude more than 60 °  (e.g., 70 ° ) left little room for increasing the 
photocurrent by heliotropism, as it was already fairly close to 
normal radiation onto the solar cells. From Figure  5 , an empir-
ical estimation of the effective heliotropic range for one LCHC-
actuator unit is thus 0 °  to  + 60 °  in altitude angle and between 
 ± 30 °  in azimuth angle, with respect to the normal incidence.  

 Considering the information of the heliotropic range of a 
single LCHC-actuator unit as well as data related to the solar 
altitude and azimuth angles, [  38  ]  we then realized prototype 
device designs that utilized multiple LCHC-actuator units for 
full-range artifi cial heliotropism. First, a typical range of solar 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 5166–5174
altitude angle during a day at most locations in the U.S. (we took 
the U.S. as an example) is 0 °  (dawn or dusk) to 70 °  (midday). 
Second, though the solar azimuth angle range during a day 
at most U.S. locations varies, a coverage from 90 °  (6–8 am) to 
270 °  (5–7 pm) in the azimuth angle would be suffi cient. There-
fore, a design utilizing three or four LCHC-actuator units (three 
shown in  Figure    6  ) could provide full range of artifi cial heliotro-
pism. The LCHC-actuator units were arranged centrosymmetri-
cally, with a 60 °  angular separation between their medial axes. 
With this arrangement, 3 LCHC-actuator units were placed 
corresponding to azimuth angles of 120 ° , 180 ° , and 240 ° , 
respectively, and the resultant range of artifi cial heliotropism is 
essentially the superposition of that from each single unit. The 
increase in the solar cell photocurrent output with this device 
with 3 LCHC-actuator units vs .  the direction of the incident 
light from the same white light source as above is shown in 
Figure  6 a. As expected, at 0 °  altitude and 120 ° , 180 ° , or 240 °  
azimuth, the heliotropic effect was the strongest, with an 
increase in the photocurrent by up to 3700%. The effective azi-
muth heliotropic range was indeed nearly tripled. The increase 
in photocurrent was more than 100% at 0 °  altitude. Within 
most of the 90 °  to 270 °  azimuth range, even when the altitude 
angle increased to 60 ° , the photocurrent was still increased by 
around 10%. Figure  6 b,c show the images of this device in one 
5171wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  6 .     Photocurrent increase owing to artifi cial heliotropism by the prototype device with 3 LCHC-actuator units (a) and its heliotropic behavior 
in laboratory (b,c). An altitude-azimuth coordinate system similar to Figure  4 d was used for data acquisition for (a). The origin was the center of the 
actuator in the middle. Irradiation was from a white light source (intensity: 100 mW cm  − 2 ; partially collimated; spot diameter: 101.6 mm; 0 °  altitude; 
180 °  azimuth) for (b,c). b) Before irradiation. c) 30 s after irradiation was on.  
laboratory test; the platform with solar cells tilted towards the 
light source after the actuation (incident light: 0 °  altitude, 180 °  
azimuth). In-fi eld tests of a similar device with 4 LCHC-actu-
ator units were conducted from August to September 2011 in 
Madison, WI, USA. Both the heliotropic range and the increase 
in the solar cell photocurrent output were consistent with the 
results obtained in the laboratory environment. More detail is 
included in the Supporting Information (Movies 4–6).     

 3. Conclusions 

 We have demonstrated artifi cial heliotropism for solar cells, uti-
lizing fi ber-network/SWCNT/LCE actuators that can be directly 
driven by the sunlight instead of relying on other power con-
suming components for tracking the sun and actuation. When 
these actuators face the sun, they contract, and as a result, 
tilt the solar cells towards the sun, thus the artifi cial heliotro-
pism. Both laboratory tests and in-fi eld tests confi rmed that 
the devices were capable of full-range artifi cial heliotropism, 
with 60 °  of range in altitude angle, and 180 °  of range in azi-
muth angle. Signifi cant increase in the output photocurrent 
of the solar cells was observed owing to the artifi cial heliotro-
pism. In the future, we will improve the LCE nanocomposite 
for larger contraction ratio, lower threshold of response to the 
sunlight, and higher loading capability. We will investigate on 
improving the LCE matrix materials and the continuous fi bers, 
as well as the effect of the orientations of carbon nanotubes in 
regard to the nematic LCE matrices on the nematic orders and 
the photo-thermomechanical actuation performance. We will 
also improve the design for more effective heliotropism, and 
scale up the system design to accommodate large solar panels. 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
Our artifi cial heliotropism for solar energy harvesting is an 
effective approach to making the best use of the solar energy as 
a renewable clean energy source. Our approach can further be 
combined with others that aim to enhance the solar-to-electric 
conversion effi ciency of the solar cells themselves and those 
that incorporate solar concentrators.   

 4. Experimental Section 
  Materials Preparation  :  The pendant mesogenic group, 

4-methoxyphenyl-4-(1-buteneoxy) benzoate, and di-functional 
crosslinking group, 1,4 alkeneoxybenzene, were synthesized as reported 
previously. [  33  ]  The polymer backbone was a poly-methylhydrosiloxane 
(PMHS) with approximately 60 Si–H units per chain, obtained from 
ACROS Chemicals (Geel, Belgium). The commercial platinum catalyst 
dichloro(1,5-cyclooctadiene) platinum(II) was obtained from Sigma-
Aldrich (St Louis, MO, USA). The catalyst solution was prepared by 
dissolving 0.025g of the dichloro(1,5-cyclooctadiene) platinum(II) in 
2 mL of dichloromethane, then adding 20 mL of toluene. 

 The polyurethane fi ber-network was obtained through slicing a 
polyurethane porous rubber to a lamella with the thickness of 0.4 mm. 
It became a fl exible layer of polyurethane fi ber-network with irregular 
meshes. 

 The synthesis of the side-chain nematic LCE networks with 
polysiloxane backbone, aligned in uniaxial orientation, was performed 
through a two-stage crosslinking coupled with a drawing process. 
The fabrication process of the fi ber-network/SWCNT/LCE composite 
fi lms with SWCNT/nematic LCE (the content of SWCNTs in LCE was 
about 0.45 wt%) as the matrix and polyurethane fi ber-network as the 
reinforcement phase is shown in Figure  1 . 4.2 mg of SWCNTs were 
mixed into the reaction mixture solution, which was 0.16 g of PMHS, 
0.65 g of 4-methoxyphenyl-4-(1-buteneoxy) benzoate (2.18 mmol) 
and 0.088 g of 1, 4 alkeneoxybenzene (0.214 mmol) solved in 2.6 mL 
of toluene, under ultrasonication for better dispersion; the ultrasonic 
mixing was performed for about 2 min. 120  μ L of catalyst solution was 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 5166–5174
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added into the reaction mixture solution containing SWCNTs; then the 
solution was cast into a polytetrafl uoroethylene (PTFE) rectangular 
parallel-piped mold with dimensions of 90 mm  ×  14 mm  ×  10 mm, on 
the bottom of which a rectangular lamella of polyurethane fi ber-network 
with the length and width of 90 mm and 12 mm, respectively, was pre-
laid. The precursors inside the mold was fi rst ultrasonicated for 2.5 min 
to degas the mixture, then heated in an oven at 65  ° C for 50 min for 
partial crosslinking process (fi rst crosslinking stage). A swollen gel of 
partially crosslinked elastomer with the toluene solvent absorbed inside 
it was generated during this fi rst crosslinking stage. Thereafter the mold 
was cooled to the room temperature. 7 mL of hexane was poured into 
the mold to facilitate the removal process of the partially crosslinked 
elastomer embedded with the polyurethane fi ber-network, which was 
then carefully removed from the mold. The elastomer was immediately 
hung at one end with a clamp for drying at the room temperature. As 
the toluene contained in the partially crosslinked elastomer evaporated, 
the elastomer gradually shrank and the fl exible polyurethane fi ber-
network shrank together. The drying process proceeded for about 
40 min, and the composite fi lm contracted to a stable length of about 
6.3 cm from its original length of 9 cm. Subsequently the drawing 
process started, with the other free end of the composite fi lm now loaded 
with a 6.5 g weight. The loading weight was increased step by step, with 
2.5 g of increment every 2 h, to 14 g. After 12 h of gradual uniaxial 
stretch along the length by the load, the composite fi lm extended to a 
stable length of about 9 cm and a nematic alignment in LCE matrix was 
obtained, while the embedded polyurethane fi ber-network recovered to 
its initial length as the length of the composite fi lm was stretched to be 
equal to that of the mold. Finally the composite fi lm with the load was 
annealed at 70  ° C overnight to complete the crosslinking reaction in 
the nematic phase (second crosslinking stage). All the prepared fi ber-
network/SWCNT/LCE composite fi lms have dimensions around 90 mm 
 ×  12 mm  ×  0.8 mm. 

  Materials Characteristics and Methods : The photoactuation 
measurements of the LCE nanocomposites were performed by using 
a white light source (New Port, Oriel Productline, Model 66885, 
Irvine, CA). The phase transformation behaviors of the materials were 
investigated by differential scanning calorimetry (DSC) measurements 
(TA Instruments Q100 modulated differential scanning calorimeter, 
New Castle, DE, USA) at a heating and cooling rate of 10 K min  − 1 . 
X-ray diffraction spectra were measured by a Bruker/Siemens Hi-Star 
2d X-ray Diffractometer with a monochromatic CuKalpha point source 
(0.8 mm). The materials’ mechanical properties were measured with 
stress meters. 

  Light Concentrator/Heat Collectors (LCHCs) : Bulk material (black 
PTFE), high-refl ectivity multilayer polymer fi lm, and high-transmittance 
glass were obtained from McMaster-Carr, Inc (Elmhurst, IL, USA). Bulk 
materials were processed by a conventional machining method using a 
mill (GEVS500A, Eisen Machinery, Inc., Santa Fe Springs, CA, USA). The 
polymer fi lm was bonded on the PTFE bulk with double-sided adhesive 
tapes (3M Inc., St Paul, MN, USA). 

  Artifi cial Heliotropic Devices : Pedestals of the artifi cial heliotropic 
devices were also made from black PTFE, and were machined using a 
mill. Solar cells were fi xed on a light-weight platform, and electrically 
connected in series. The commercial solar cells are rectangular in shape 
(length: 34 mm, width: 23 mm, from Hobby Engineering, Inc. (South 
San Francisco, CA, USA)). The platform was supported by an elastic 
beam, effectively reducing the driving force needed for the platform to 
tilt and ensuring the platform to restore to its initial (horizontal) state 
when the stimulating source (sunlight or light source) was removed. 

  In-Field Experiments : Artifi cial heliotropic devices with different 
confi gurations were tested under natural sunlight between July and 
September 2011, in Madison, WI. The Global Positioning System 
coordinates of the two testing locations in Madison, WI, USA were 
43 °  4 ′ 20 ″ N and 89 °  24 ′  44 ″ W (location I), and 43 °  5 ′ 12 ″ N and 89 °  
26 ′  31 ″ W (location II), respectively. Devices were fi xed on rotational 
stages so that the directions that they faced could be adjusted. 
More detail is provided in the Supporting Information (Table S1 and 
Figure S9a,S10). 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 5166–5174
  Experiments in the Laboratory : A white light source (New Port, Oriel 
Productline, Model 66885, Irvine, CA, USA) was used. The light beam 
from the light source was refl ected by a mirror (diameter: 4 inch), whose 
position and refl ection angle was varied to adjust the altitude angle of 
the incident light onto the solar cells. The intensity of the incident beam 
spot was kept at 100 mW cm  − 2 . The photocurrent output of the solar 
cells connected in series was monitored by a digital multimeter (Model 
34401A, Agilent, Santa Clara, CA, USA). More detail is provided in the 
Supporting Information (Figure S9b).   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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