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Thermally or Optically Powered Actuation of Liquid Crystal Elastomers 
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Chi Hyung Ahn 
 
 

Doctor of Philosophy in Materials Science and Engineering 
 

University of California San Diego, 2018 
 

Professor Shengqiang Cai, Chair 

 

 Soft actuator is a promising candidate for replacing a traditional rigid materials-based 

actuator when the actuating system requires human compatibility, large degree of freedom for the 

motion, low fabrication cost, and simple body structure. Among many soft materials, liquid crystal 

elastomer (LCE) is one of the most advantageous soft active material due to their large 

macroscopic deformability coupled with molecular level anisotropy. Patterning of LCE with 

precise control of molecular alignment can generate diverse actuations. In addition, different types 

of actuation of LCE can be induced by various external stimuli such as heat or light. 

 In this study, we demonstrate radially patterned LCE with predesigned stretch field using 

a strain engineering technique which is facile, effective, and does not require any sophisticated 
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setup. The radially patterned LCE exhibits fully reversible undulating deformation upon heating 

or swelling, attributed to the constrained expansion of radially patterned LCE in hoop direction. 

By applying the strain engineering technique, we design different LCE structures which exhibit 

diverse actuations like bending, rolling, crawling, or jumping. Incorporation of carbon nanotube 

(CNT) in the LCE allows photoresponsivity of LCE-CNT composite due to the photothermal effect 

of CNT. We prepare LCE-CNT rod with molecular alignment in its longitudinal direction which 

shows heliotropic behavior with multi-directional bending under the light irradiation rather than 

conventional uni- or bi-directional bending. The bending is induced by the contraction gradient of 

LCE-CNT rod in thickness which is maximized on the surface towards light, so the bending 

direction can be tuned by controlling the position of light source. Using the similar LCE or LCE-

CNT rod, we show unusual rolling phenomena in which the LCE or LCE-CNT rod keeps rolling 

while maintaining its initial curvature in the same direction continuously induced by simply 

placing them on a homogeneously hot flat surface or under the visible light irradiation. Such non-

intuitive autonomous rolling phenomena is induced by coupling of inhomogeneously distributed 

supporting force and gravity, which is triggered by continuous bending deformation of the rod 

during rolling. We also design a light-driven soft robot based on an arch shape LCE-CNT structure 

with magnet pieces on each end that performs crawling, squeezing, and jumping motions inspired 

by deformation traveling of inchworm locomotion and power amplification mechanism of jumping 

fly larva. The soft robot can perform different motions by switching its shape between arch and 

closed loop shape under different light irradiation modes, which enables fully reversible 

biomimetic motions. 
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Chapter 1 Introduction 

1.1 Liquid crystal 

Liquid crystal (LC) is a material that exhibits properties between conventional liquid and 

solid, which is usually consisted with organic molecule (1, 2). It flows like a liquid, but its 

molecules may be oriented in a crystal-like way as a function of temperature (3) (Fig 1.1a). 

Mesogen is a fundamental unit of an organic molecule that enables LC material to exhibit both 

liquid-crystal behavior. The shape of mesogen is usually rod-like which is constituted by rigid part 

with aromatic compounds and flexible part with aliphatic compounds (Fig 1.1b). In mesogen, the 

rigid part contributes molecular alignment in one direction whereas the flexible part induces 

fluidity in molecules like liquid. When viewed under a microscope using polarized light source, 

different liquid crystal phases will appear to have distinct textures which correspond to domains 

where the LC molecules are oriented in different directions. Within a domain, however, the 

molecules are well ordered. LC materials are not always in a liquid crystal phase and the phase 

transition can occur under different environmental conditions. LC materials can be divided into 

three different phases: thermotropic, lyotropic, and metallotropic (2). Thermotropic LC materials 

show phase transition as temperature changes while lyotropic LC materials exhibit its phase 

transition depending not only on temperature changes but also on their concentration change in a 

solvent. Different from thermotropic and lyotropic LC materials, both organic and inorganic 

molecules consist metallotropic LC materials which exhibit phase transition by the ratio between 

organic and inorganic molecules in addition to the change of temperature or concentration. 

The LC phase can be characterized by different types of its ordering status. For example, 
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thermotropic LC can be an isotropic phase at a temperature higher than its phase transition 

temperature in which it is in an isotropic phase with a liquid like behavior with a random 

orientation of molecules. If the temperature is lower than the isotropic transition temperature, LC 

is in different types of anisotropic structure which exhibit orientational order with still having a 

fluidity like a liquid. Depending on the ordering phase, LC can be mainly divided into nematic, 

semectic, and chiral phases (4, 5) (Fig. 1.2). Nematic phase is most conventional LC phase in 

which mesogens can align in a long range directional order with their long axes roughly parallel 

and no positional order. Nematic LC have a similarity in terms of fluidity like liquid (isotropic 

phase), but it can be aligned into a certain direction under the external stimuli such as magnetic or 

electric field. Smectic phase LC can be found at lower temperatures than the nematic phase, which 

forms distinguishable layers that can slide over one another and positionally ordered along one 

direction. Based on the orientation profile, the smectic phase can be also divided into Smectic A 

and Smectic C phases. In Smectic A phase, mesogens are aligned normal to the layer while being 

tilted from the normal to the layer in Smectic C phase. Chiral phase which is also called as 

cholesteric phase occurs if there is no internal symmetric plane in mesogens. The characteristic of 

this phase is that the mesogens are twisted perpendicular to the preferred orientation, resulting in 

spiral twisting alignment structure normal to the layer. 

Due to the anisotropy of LC material which enabling optical property changes under the 

electric field by controlling the alignment status of mesogens, LC material have been widely 

applied in liquid crystal display (LCD) industry for several decades. In addition to utilizing LC 

molecules itself, polymerized LC materials are emerging for the soft actuating applications which 

will be discuss in the following section. 
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1.2 Liquid crystal elastomer 

Liquid crystal elastomer (LCE) is a crosslinked polymeric material mainly caused by 

polymerization of mesogens with other crosslinkable molecules (6-8). The principle characteristics 

of LCE is that the orientation of LC can be coupled to the macroscopic deformation of polymeric 

network (Fig. 1.3). In other words, the change in orientation of mesogens in molecular level 

induced by external stimuli such as temperature, electric, or magnetic field can generate 

macroscopic deformation in a whole polymeric material. In addition, by applying the mechanical 

stress on the LCE, the alignment status of LC molecules can be also changed since they can uptake 

mechanical strain with a crosslinked structure which is different from when they are in small 

molecules. 

LCE can be divided into amorphous or crystalline structure according to the phase of LC 

molecules (Fig. 1.4). Amorphous LCE structure can be usually found above the temperature high 

enough to induce isotropic phase transition of LC molecules. At amorphous structure of LCE, the 

LC molecules are in an isotropic phase, therefore no alignment of LC can be found in the whole 

LCE structure. Below the isotropic phase transition temperature, LCE is in crystalline structure 

which also can be divided into two different configurations: monodomain and polydomain 

configuration. When the LCE is in a polydomain configuration, there are large number of small 

domains in the LCE structure in which LC molecules are aligned but disordered macroscopically. 

Therefore, there is no principal orientation in polydomain LCE and it does not generate any 

macroscopic contraction under external stimuli. On the other hand, in the LCE with monodoamin 

configuration with a single crystalline structure, LC molecules align in one direction 

macroscopically with a principal orientation, which enables LCE contract macroscopically along 
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the aligned direction under external stimuli. Therefore, to enable macroscopic spontaneous and 

reversible deformation of LCE under the external stimuli, LCE needs to be in a monodomain 

configuration. 

Since LCE is composed of polymeric material with random coil structure, LCE synthesized 

from LC molecules without any careful treatment is conventionally in a polydomain configuration. 

Therefore, there have been many approached to prepared monodomain LCE. Firstly, Finkelmann 

prepared monodomain LCE using two-step crosslinking method which utilizes reaction kinetics 

difference between two functional group of LCE during the heat induced polymerization process 

(9). In this method, partially crosslinked LCE is prepared and uniaxial strain is applied to align 

LCE in one direction followed by further thermal reaction to obtain fully crosslinked monodomain 

LCE. Another method is utilizing alignment layer before LCE is synthesized (10-12). Alignment 

layer such as polyimide thin film is coated on substrate and LC molecules and other reactants are 

placed on the alignment layer. After long axis of LC molecules are oriented along the alignment 

layer, polymerization process is induced by UV or heat, results in the fully crosslinked 

monodomain LCE. Recently, Yakacki et al. introduced thiol-acrylate two step crosslinking method 

(Fig. 1.5) (13). Different from the previously reported two step crosslinking method utilizing 

kinetics difference during the thermal polymerization process, this method utilizes UV curing 

process for the second step crosslinking at room temperature. Therefore, monodomain LCE 

structures with various shape can be easily prepared by molding LCE before it is fully cured. 

The monodomain and polydomain LCE can be easily distinguished due to their different 

optical property. Since the polydomain LCE induces light scattering, it is turbid whereas the 

monodomain LCE is transparent (Fig. 1.6a). Therefore, from the partially crosslinked polydomain 

LCE, we can observe gradual transparency change as the LCE changing from polydomain to 
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monodomain under uniaxial strain. Under the tensile test of the partially crosslinked polydomain 

LCE, we can also observe the transition of polydomain to monodomain. In the tensile test, we can 

observe a plateau in the middle of the curve accompanied by LC molecular rotation that is the sign 

of transition from polydomain to monodomain configuration under the uniaxial strain, which 

cannot be observed in the curve obtained from monodomain LCE. Fully crosslinked monodomain 

LCE also exhibits reversible thermal actuation. When the temperature is increased to 95 °C, 

monodomain LCE shows significant large deformation with around 30% of contraction strain and 

recovers its original shape upon it is cooled to the room temperature (Fig. 1.6b). In addition, 

monodomain LCE swells anisotropically as it can swell more in the direction perpendicular to the 

initial orientation (Fig. 1.6c). Due to the large deformability, LCE can be applied on different types 

of soft actuators induced by heat, magnetic field, electric field, or light depending on its 

components. 

 

1.3 Soft actuators 

Soft actuators have been broadly and intensively studied in recent years, because of its 

potential advantages such as contact compliance, low fabrication cost, resistance to the mechanical 

damage, human compatibility with their similar modulus to the human skin, simple structure and 

large number of degrees of freedom for the actuation over the conventional rigid actuators (14-16). 

Because of its soft structure without any joint, soft actuators can exhibit continuous, large, and 

diverse deformation modes such as contraction (17, 18), bending (19, 20), twisting (10, 21), 

oscillation(22) with even simpler structure and various shapes.  Based on the diverse deformation 

modes of soft actuators, they exhibit various types of actuating motions such as rolling, 
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manipulation, gripping, locomotion, swimming, crawling, and jumping. For instance, as shown in 

Fig. 1.7a cylindrical shape polymer coated with carbon nanotube (CNT) can roll under the light 

irradiation driven by torque obtained from gravity center change (23). Quadrupedal locomotion in 

a soft tetrapod robot has been reported with individually controllable legs with embedded 

pneumatic channels which allows independent deformation of each legs by inflation through each 

pneumatic channels (24) (Fig. 1.7b). Fig.1.7c shows LCE based disc driven by laser that can swim 

on the surface of water with a localized deformation which enables obtaining propulsion from 

water (25).  

The power source for driving soft actuator needs to be carefully considered. So far, many 

types of energy source have been adopted for driving soft actuators such as air pressurizing, 

electricity, humidity, heat, and light (14). Soft actuators adopted with pneumatic channels are one 

of the most widely studied system, but they are usually bulky and the structure needs to be tethered. 

Similarly, the electrically powered soft actuators are usually wired, and the power source needs to 

be rigid which may also increase the weight of the soft actuator and make the actuating system 

inefficient. The advantage of humidity, heat, or light based soft actuators is their tetherless 

structure and the power source can be obtained from nature (26-32). However, the difficulty in 

controlling the power source makes them hard to be applied in practical applications. Soft actuators 

driven by different power sources have their own strength or weakness, and recent promising 

researches including power source based on graphene, organic polymers, and conductive fabric 

materials may potentially benefit for the practical applications of soft actuators in the future (14). 
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1.4 Light or heat induced soft actuators based on LCE 
 

There have been different types of materials adopted to the base material for the soft 

actuator range such as silicone based materials, shape memory polymer, and other different types 

of polymers Among different types of materials, LCE is one of the most attractive materials for 

the soft actuator because of its large deformability based on the anisotropic nature, patterning 

processability for various actuation modes, and capability of using various of power sources with 

simple structure (33, 34). Recently, many studies have reported soft actuators using LCE triggered 

by heat (31, 35), magnetic field (36, 37), electricity (38, 39), and light(40, 41). 

Among different types of power sources, heat and light driven LCE soft actuators are 

advantageous because of their tetherless and simple structures and easy fabrication process. 

Therefore, there have been many studies on heat or light induced LCE soft actuators from simple 

deformation to complicated robotic systems reported in recent years. For instance, LCE can 

oscillate under continuous light irradiation induced by the alternate light irradiation on the top and 

bottom surface (22). LCE film precisely patterned with digital patterning technique deforms from 

flat sheet to three-dimensional cone shapes upon heating (Fig. 1.8) (12). In addition, LCE can even 

swim, crawl, or roll driven by thermal or optical energy sources. Laser induced LCE fish has been 

reported that can swim on the surface of water under the localized laser irradiation with a 

swimming direction controllability (Fig. 1.9a) (25). LCE and polyethylene double layer structure 

can crawl under alternate UV and visible light irradiation by the variation of its frictional force 

with bending and unbending deformation (Fig. 1.9b) (42). An initially flat LCE film can roll under 

the light irradiation by deforming its shape into helical shape to generate torque (Fig. 1.9c) (10). 

For the thermally driven LCE soft robots, any special strategy is not required to generate 
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actuation since LCE itself is sensitive to heat to get macroscopic deformation with disorder or 

reorientation of anisotropic mesogens constituting LCE structure. However, light-induced LCE 

soft actuator requires additional components that endows light-sensitivity on LCE. Therefore, LCE 

with azobenzene moiety or carbon materials have been commonly used to get photoactuation. LCE 

containing azobenzene moiety can be photosensitive attributed to the trans-cis isomerization under 

UV or visible light irradiation which triggers macroscopic deformation of LCE by the geometry 

alteration of LC molecules within LCE (43, 44). Another approach is incorporation of carbon 

materials such as CNT into the LCE matrix (45, 46). Because of the photothermal effect of CNT 

which converts incoming photo energy into thermal energy in the LCE, LCE can be either heat or 

photoresponsive upon mixed with CNT. 
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Figure 1.1: (a) Phase transition of LC with temperature change (3). (b) Example of mesogens 
structure containing rigid part and flexible part. 
 
  



 

 
 

10 

 
 

 
 
Figure 1.2: Thermotropic LC phases arranged from left to right in order of increasing order and 
decreasing temperature (4). 
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Figure 1.3: Schematic of coupling between the LC orientation and the macroscopic deformation 
in LCE. 
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Figure 1.4: Schematic of LCE phase transition by change of temperature or alignment status. 
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Figure 1.5: Thiol-acrylate Michael addition and photopolymerization reaction (TAMAP) 
two step crosslinking method for monodomain LCE (13). 
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Figure 1.6: Intrinsic properties of monodomain LCE with (a) optical transparency, (b) thermal 
contraction behavior, and (c) swelling anisotropy.  
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Figure 1.7: Different types of soft actuations (a) Light-induced rolling of CNT-polymer bilayer 
structure (23). (b) Quadrupedal locomotion in a soft tetrapod robot with embedded pneumatic 
channels (24). (c) Optically driven swimming LCE disk (25).  
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Figure 1.8: Thermally driven deformation of flat LCE sheet into 3D structure prepared by precise 
digital patterning technique (12). 
  



 

 
 

17 

 

 

 

 

Figure 1.9: Light-driven soft actuation of LCE (a) Swimming motion of light-sensitive LCE fish 
with localized deformation (47). (b) Photomobile soft walker with LCE and PE double layer 
structure under alternate UV and visible light irradiation (42). (c) Rolling of LCE strip with a 
twisted nematic geometry induced by UV light (10).  
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Chapter 2 Stretch Induced Patterning of a Liquid 

Crystal Elastomer 

 

Liquid crystal elastomer (LCE) is soft active material, which can have large deformation 

when subjected to various external stimuli. Due to the coupling between the orientation of liquid 

crystal (LC) molecules in the elastomer and the deformation of LCEs, mechanical behaviors of 

LCEs can be significantly modified by manipulating LC molecular orientation field in the material. 

In the letter, we demonstrate, for the first time, that inhomogeneous and anisotropic stretch field 

can be used to pattern LC molecular orientation in the LCE during its synthesis. We further show 

that different active deformation modes can be realized in LCE sheets with different patterns of 

LC molecules. The method developed in the letter to pattern LC molecular orientation field in the 

LCE is facile and effective, which may find wide applications in fabricating programmable 

materials and structures.  

  



 

 
 

23 

2.1 Introduction 

 A combination of liquid crystal (LC) and polymer network can form a new material-liquid 

crystal elastomer (LCE). The special molecular combination endows LCE with many unique 

properties such as soft or semi-soft elasticity (1-4) and multi-responsiveness (5–9), which have led 

to myriad applications ranging from artificial muscle (7,10) to stretchable optical devices (11–14). 

Recently, several biological materials such as actin filament network (15) and fibrillar collagens 

(16) have also been found to have similar molecular structure and behaviors as man-made LCEs.  

 A salient feature of LCE is that the orientation of LC molecules inside the elastomer is 

coupled with macroscopic deformation of polymer network and vice versa (17–21). In another 

word, the change of the orientation of LC molecules can deform the elastomer. On the other hand, 

the deformation of the elastomer can induce reorientation of LC molecules. As a consequence, LC 

molecules with macroscopically uniform orientation (or monodomain LCE) can be achieved by 

applying uniaxial stretch onto a polydomain LCE sample, which has been utilized to synthesize 

monodomain LCEs as first developed by Finkelmann et al. (22). In the experiment, uniaxial 

tension was applied onto a lightly-crosslinked polydomain LCE sample to align the LC molecules 

in one direction. The aligned orientation of LC molecules was further frozen in the LCE by the 

second-step crosslinking of the polymer network. The development of the synthesis of 

monodomain LCE has greatly broadened its applications (23,24). The method developed by 

Finkelmann is still commonly adopted by different researchers to make monodomain LCE due to 

its robustness and generality.  

 Because of the coupling between the orientation of LC molecules and the network 

deformation, deformation of LCEs can be driven by various external stimuli such as temperature 
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change, light irradiation and magnetic or electric field (25–28). Through fabricating different 

structures, diverse deformation modes in LCEs actuated by different stimuli have been observed 

in experiments (29–31). For instance, bending, twisting or surface wrinkling in a bi- layered LCE 

have been realized by changing temperature (32,33). As another example, LCEs containing 

photosensitive azobenzene moiety show three-dimensional photoactuated deformation under the 

light irradiation (34–36).  

 Recently, photoalignment method has been developed to obtain pre-designed LC 

molecular orientation field in LCEs (37). Different from fabricating LCE structures with different 

geometries, this method directly manipulates LC molecular orientation in a LCE using properly 

designed light or electric field. The developed experimental method has opened not only new 

research opportunities but also innovative applications of LCEs (38,39). However, the 

corresponding experimental setup is usually complex and the method only work for synthesizing 

LCEs containing several particular kinds of LC molecules.  

 Within the context, in the paper, we develop a strain engineering technique to pattern LC 

molecular orientation in LCEs. Our method can be regarded as generalization of the experiment 

developed by Finkelmann et al. Instead of applying homogeneous stretch, we apply predesigned 

inhomogeneous and anisotropic stretch in a lightly-crosslinked LCE sample, which will result in 

patterned LC molecular orientation. The LC molecular orientation field will be further frozen by 

second-step crosslinking reaction in the LCE. Our method will be generally applicable to making 

LCEs with different chemistries and shapes. In the letter, we will use one example: radially 

patterned LCE, to illustrate our ideas. We further show that different undulation in the patterned 

LCE sheets can be induced by thermal actuation and solvent penetration.  
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2.2 Methods 

2.2.1 Materials 

 LC monomer, 1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene (95%, 

RM257) was purchased from Wilshire Technologies. Crosslinker, pentaerythritol-tetrakis(3-

mercaptopropionate) (95%, PETMP) and spacer, 2,2′-(ethylenedioxy) diethanethiol (95%, 

EDDET), were purchased from Aldrich. Michael addition catalyst, dipropyl amine (98%, DPA) 

and the photoinitiator, (2-hydroxyethoxy)-2-methylpropiophenone (98%, HHMP) were purchased 

from Aldrich. All chemicals were used as received without any purification.  

 

2.2.2 Synthesis of a radially aligned LCE 

 We followed the two-step crosslinking reaction method to prepare LCE recently developed 

by Yakacki et al. (23). RM257 (LC monomer) and thiol monomers, PETMP (crosslinker) and 

EDDET (spacer) were dissolved in toluene by heating and vigorous mixing. The molar 

functionality composition of thiol monomers, PETMP and EDDET was fixed as 2:8 while that 

between thiol monomers and RM257 was fixed as 1:1.15, so that there was 15% excess molar 

functional group of RM257 to that of PETMP and EDDET. A value of 0.5 wt% of HHMP to 

RM257 and thiol monomers, and 1.1 wt% of DPA to thiol monomers were added in the solution. 

After the solution was homogeneously mixed, it was placed in the vacuum chamber to remove 

bubbles trapped inside the solution. The solution was transferred to the mold and left overnight at 

room temperature for the first-step reaction. During the first step reaction, RM257 reacted with 

PETMP and EDDET through thiol-acrylate Michael addition to form lightly-crosslinked 

polydomain LCE sheet. The polydomain LCE was ready for applying mechanical stretch and 
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second-step crosslinking reaction after the complete evaporation of toluene at 80 °C. In our 

experiment, the thickness of the LCE sheet after the first-step crosslinking reaction was 0.9 mm.  

 Orientation of LC molecules at a material point in a LCE depends on its stretch state. 

Qualitatively speaking, LC molecules tend to orient toward the direction with the largest tensile 

stretch as predicted by most models and demonstrated in experiments (40–42). In the experiment, 

we generate inhomogeneous and anisotropic stretch in a LCE sheet by introducing stiff regions 

with different shapes into it as shown in Fig. 2.1.  

 To make a region in a lightly-crosslinked LCE sheet stiffer, we shed UV light onto a free-

standing LCE sheet through a designed photomask as shown in Fig. 2.1. Under the UV light 

exposure, second-step crosslinking reaction proceeds and the region becomes dramatically stiffer. 

Subsequently, we manually stretch the LCE sheet in radial directions and fix the stretch field under 

the exposure of UV light. Due to the material inhomogeneity, the stretch field in the LCE sheet is 

inhomogeneous and anisotropic, so the LC molecular orientation in the LCE will also be 

inhomogeneous. In the second-step crosslinking step, UV light is generated by an 8 W UV lamp 

with the wavelength of 365 nm. The LCE sample is placed 10 cm away from the UV lamp for 10 

min.  

 

2.3 Results and Discussion 

2.3.1 Inhomogeneous stress/stretch-induced patterning of LC molecular orientation  

 As described in the previous section, we radially stretch a lightly-crosslinked LCE sheet 

with a stiff region in the middle to orient LC molecules in the elastomer. Under the exposure of 

UV light, second-step crosslinking reaction proceeds in the stressed LCE and the patterned LC 
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molecules are frozen in the elastomer.  

The pattern formation of LC molecules under the stretch can be qualitatively understood 

as following: We assume the stiff region deform negligibly when the LCE is stretched. Due to the 

constraint, the stretch along the hoop direction of the stiff region is close to one, while the stretch 

perpendicular to the edge of the stiff region can be much larger than one. Therefore, regardless of 

the shape of the stiff region, the LC molecules near the stiff region will be perpendicular to its 

edge. In the area far away from the stiff region, the stretch in the LCE will be close to the far-field 

stretch state. Therefore, by controlling the shape of the stiff region, we can obtain different patterns 

of LC molecules in a LCE. 

Next, as an example, we quantitatively calculate the stretch distribution in a circular LCE 

sheet with a circular constraint in the middle. In the undeformed state, the radius of the LCE sheet 

is denoted by B and the radius of the circular constraint is denoted by A (see the inset of Fig. 2.2). 

We assume the circular constraint is much stiffer than the LCE with only the completion of first-

step crosslinking reaction. Therefore, after stretch, the radius of the sheet becomes b while the 

circular constraint remains the same. A material point in the undeformed state with the distance R 

from the center moves to the position with r away from the center in the deformed state. 

Considering the radially symmetric deformation, we can calculate the radial stretch λr (R) and hoop 

stretch λθ (R) by  

𝜆# =
𝑑𝑟
𝑑𝑅										(1) 

𝜆, =
𝑟
𝑅										(2) 

The stress perpendicular to the LCE sheet is zero. Assuming the elasticity of the LCE can 

be captured by Neo-hookean model, we have the following stress–stretch relationship,  
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𝑆# = 	𝜇 0𝜆# −
1

𝜆#
2𝜆,

34									(3) 

𝑆, = 	𝜇 0𝜆, −
1

𝜆#
3𝜆,

24									(4) 

where Sr and Sθ are nominal stresses in radial and hoop direction respectively, and μ is small 

deformation shear modulus.  

The Force balance in the radial direction is  

𝑑𝑆#
𝑑𝑅 +

𝑆# − 𝑆,
𝑅 = 0										(5) 

A combination of Eqs. (1)–(5) gives a second order ordinary differential equation of r(R). 
The two boundary conditions of the ODE are:  

𝑟(𝐴) = 𝐴 

𝑟(𝐵) = 𝑏 

Using Matlab, we numerically solve the ODE. The numerical results are shown in Fig. 2.2 

In the calculation, we set B/A = 2 and b/B = 3, which are close to our experimental conditions. 

From Fig. 2.2, we can clearly see that the radial stretch is several times larger than the hoop stretch 

in the area close to the edge of the constraint. The two stretches gradually get closer to each other 

when the area is far away from the edge of the constraint, which is due to the radial stretch applied 

in far field. Therefore, the LC molecules will align along the radial direction of the LCE sheet as 

sketched in Fig. 2.3a  

Due to the optical birefringence of LC molecules, the pattern of LC molecules sketched in 

Fig. 2.3a can be confirmed by taking polarized optical microscope (POM) images as shown in Fig. 

2.3b and c. In Fig. 2.3b, the pattern with maximum brightness can be observed at around 45° with 

respect to the analyzer while the darkest pattern at around 0° and 90°. In Fig. 2.3c, the POM image 
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of the LCE rotated by 45° with respect to its original position is very similar to that in Fig. 2.3b. It 

is known that the maximum light transmittance can be found when the LC molecule is 45° between 

crossed polarizer and analyzer (43). Therefore, we can confirm that LC molecules in the LCE are 

indeed along its radial direction as sketched in Fig. 2.3a.  

To examine the effects of the shape of the constraint, we also introduced a stiff region with 

square shape in the LCE sheet. As discussed at the beginning of this section, LC molecules will 

align perpendicular to the edge of the stiff region when the LCE sheet is radially stretched in far 

field. Fig. 2.3d sketches the LC molecular patterns. Similarly, the expected LC molecular patterns 

are confirmed by the POMs of the LCE sheet at different rotational angle as shown in Fig. 2.3e 

and f. Different patterns shown in Fig. 2.3a and d are caused by the different shape of the stiff 

region: circular and square. The results clearly indicate that our experimental method can be 

readily used to obtain diverse LC molecular patterns through introducing stiff constraints with 

different shapes into the LCE.  

As shown in Fig. 2.2, the stretch of the material point near the constraint is more anisotropic 

than the one close to the free edge. Therefore, the orientation of LC molecules in the LCE is not 

only anisotropic but also inhomogeneous along the radial direction. More specifically, the LC 

molecules in the LCE near the constraint should be more aligned than the molecules far away from 

the constraint.  

To confirm the above assumption, we further conduct thermal-actuation experiments in the 

patterned LCE sample. In the experiment, we cut three small square LCE samples from two 

patterned LCE sheets with different constraint shapes along the radial direction with different 

distances away from the constraint as shown in the inset figure of Fig. 2.4a and b. As expected, 

upon being heated up to 80 °C, all the three square LCE samples contract parallel to the direction 
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of LC molecular orientation (radial direction) while expand in the perpendicular direction (hoop 

direction).  

Fig. 2.4a plots the radial and hoop stretches of three square LCE samples from a patterned 

LCE sheet with a circular constraint. Because the LCE sheet is asymmetric, we cut the three square 

LCE samples from an arbitrary radial path in the LCE sheet in the experiment. Fig. 2.4b plots the 

radial and hoop stretches of three square LCE samples from a patterned LCE sheet with a square 

constraint. For the patterned LCE sheet with a square constraint, as shown in the inset figure of 

Fig. 2.4b, we cut the three LCE samples from two different radial paths, P1 and P2: P1 is from the 

center of square and perpendicular to an edge of the square constraint; P2 is along the connection 

between the center of the square and its vertex. The results in Fig. 2.4a and b clearly show that the 

LCE sample near the constraint has the maximum anisotropy of thermal-actuated strain, while the 

LCE sample near the free edge has the minimal anisotropy. The experimental results confirm our 

assumption that the LC molecules in the LCE near the constraint are more aligned than the 

molecules far away from the constraint. In addition, Fig. 2.4b also shows that, for the patterned 

LCE sheet with a square constraint, the anisotropy of thermal-actuated strain along the radial path 

passing through the square vertex is generally larger than the one in the radial path perpendicular 

to the edge of the square. This is the consequence of stress concentration caused by the sharp vertex 

of the square.  

 

2.3.2 Reversible undulation in patterned LCEs driven by temperature variation and solvent 

penetration  

 Because LC molecules tend to be more and more randomly orientated with increasing 

temperature, upon being heated up, a patterned LCE will contract along the direction of LC 
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molecular orientation while expand in the perpendicular direction as shown in Fig. 2.4. In the 

experiment, when a flat patterned LCE sheet is heated up, due to the anisotropic actuation, multiple 

wrinkles form in the LCE sheet as shown in Fig. 2.5. In the experiment, we place the patterned 

LCE film on a hot plate with the temperature 80 °C, which is above the phase transition 

temperature of the LCE we synthesized. Multiple wrinkles appear in the patterned LCE film within 

a few seconds (Fig. 2.5a and b).  

To quantitatively investigate the wrinkling instability induced by the temperature change, 

we further measure the winkling amplitude in a patterned LCE sheet at different temperatures as 

shown in Fig. 2.6. In the experiment, with increasing the temperature, the amplitude of wrinkles 

in the patterned LCE sheets increases while the wavenumber does not change. Fig. 2.6 shows that 

a noticeable wrinkling deformation can be observed in the experiment around 40 °C for both the 

LCE sheets with a circular constraint or square constraint. With different patterns of LC molecules, 

the wrinkling morphologies driven by temperature change are also different in the LCE sheets as 

shown in Fig. 2.5a and b. We would like to further point out that the mechanism of generating the 

undulation in the LCE sheet is different from that of the formation of wrinkles in a circular gel 

sheet undergoing inhomogeneous swelling (44,45). The size of the LCE sheet reduces about 15% 

when the temperature increases as shown in Fig. 2.5a and b. In addition, when we remove the 

undulated LCE film from the hot plate to another plate with room tem- perature, the LCE sheet 

can fully recover back to flat shape within several seconds.  

A patterned LCE also swells anisotropically in a solvent. When a patterned LCE is 

submerged into a solvent such as toluene, its swelling ratio along the direction of LC molecular 

orientation is much smaller than the perpendicular to the direction of LC molecular orientation. 22 

Therefore, similar undulating deformation in the patterned LCE sheets can be also driven by 
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solvent penetration as shown in Fig. 2.7. The undulated LCE sheets can also recover to its original 

flat shape after it is dried out.  

 

2.4 Conclusion 

 In recent years, programmable soft materials and structures have been intensively studied. 

The material includes hydrogels, shape memory polymers and biopolymers. In this study, we 

developed a facile and effective strain engineering technique to pattern LC molecules in a LCE. 

As a result, the patterned LCE can have different active deformation modes when subjected to 

various external stimuli, and thus realize different functions. Although only simple patterns in LCE 

sheets have been demonstrated in the letter, there should not be any intrinsic difficulties to generate 

more complex LC molecular patterns in a LCE by applying inhomogeneous stretch. We believe 

the strain engineering technique developed in the article can be directly used to fabricate 

programmable LCE structures, which is the ongoing research being conducted by us.  

 

Chapter 2, in part or in full, is a reprint of the following material: C. Ahn, X. Liang, S. Cai 

“Inhomogeneous stretch induced patterning of molecular orientation in liquid crystal elastomers” 

Extreme Mechanics Letters, 5 (2015). The dissertation author was the primary investigator and 

author of this paper. 
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Figure 2.1: Schematics of the experimental steps for fabricating a patterned LCE sheet. (a) UV 
light is shed onto a LCE sheet through a designed photomask.  When the region is exposed to UV 
light, second-step crosslinking reaction proceeds in the elastomer and the region becomes 
dramatically stiffer. (b) Subsequently, the LCE sheet is radially stretched under the exposure of 
UV light.  Due to the material inhomogeneity, the stretch field in the LCE sheet is inhomogeneous 
and anisotropic, so the orientation of LC molecules in the LCE is patterned.  The orientation field 
of LC molecules is frozen in the LCE through the second-step crosslinking reaction activated by 
the UV light.   
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Figure 2.2: Stretch distribution in a radially stretched circular LCE sheet with a stiff circular region 
in the middle.  
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Figure 2. 3: (a) Schematic of LC molecular orientation in the LCE sheet with a circular stiff region 
in the middle. (b) and (c) are polarized optical microscope images of the LCE sheet with two 
different angles with respect to the analyzer. (d) Schematic of LC molecular orientation in the 
LCEsheet with a square stiff region in the middle. (e) and (f) are polarized optical microscope 
images of the LCE sheet with two different angles with respect to the analyzer. 
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Figure 2.4: Thermally-actuated radial and hoop stretch on the patterned LCEs along radial 
directions with different distances away from the constraint. (a) Three LCE samples cut from an 
arbitrary radial path in a patterned LCE sheet with a circular constraint. (b) LCE samples cut from 
two different radial paths:  P1 and P2 from a patterned LCE with a square constraint. 
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Figure 2.5: Reversible thermally driven undulation in patterned LCEs with a (a) circular constraint 
and (b) square constraint in the middle.  
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Figure 2.6: Evolution of the amplitude of wrinkles with the increase of temperature. For the LCE 
with a circular constraint, the amplitudes of different wrinkles are the same. For the LCE with a 
square constraint, we measure the amplitude of the wrinkle, which is perpendicular to the edge of 
the square. 
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Figure 2.7: Solvent penetration driven undulation in patterned LCEs with a (a) circular constraint 
and (b) square constraint in the middle. 
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Chapter 3 Optically Controllable Multi-Directional 

Bending of a Liquid Crystal Elastomer 

  

 Soft actuation is advantageous over traditional rigid material-based actuation due to its easy 

fabrication, large degree of freedom, and human compatibility. Among many actuation mode, 

bending is more conventional and fundamental deformation mode because it can be utilized 

directly in the artificial muscle application or potentially enables further complex motions. 

However, multi-directional bending deformation is still challenging using conventionally studied 

film structured soft actuators. In this study, we report light-driven multi-directional bending 

deformation of soft actuator through the polymer rod structure with circular shape cross-section. 

We prepared carbon nanotube (CNT) incorporated liquid crystal elastomer (LCE) rod which can 

be photoresponsive under the visible light. The LCE-CNT rod shows reversible heliotropic 

behavior upon the light irradiation, which makes the structure always bend toward light in any 

direction. In addition, the bending deformation of LCE-CNT rod can be amplified and localized 

using laser irradiation which enables precise controlling of the deformation. Using a combined 

structure of LCE-CNT rod and arch shape LCE-CNT, we further show light-driven soft gripper 

with a manipulating function. 
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3.1 Introduction 

 Soft actuating structures have been intensively studied in recent years because of their 

simple geometry, large degree of freedom, and human compatibility (1-7). Among different types 

of deformation of soft actuators, bending deformation is one of the most commonly studied, but 

considerably important deformation mode since it is one of the fundamental function required to 

generate different types of motions such as oscillation (8), locomotion (9, 10), swimming (11, 12), 

jumping (13), and rolling (14) with a proper manipulation of structure. Therefore, bending 

deformation in soft actuation is fundamental to achieve more complex and sophisticated motions. 

 Different strategies have been applied for the bending of soft actuators using pneumatic 

channel (15), heat (16), magnetic field (17), humidity (18), or light (19). Among different types of 

external stimuli, light can be preferable since it enables simplification of soft actuator structure by 

removing wires and the capability of controlling direction and intensity when applied on the soft 

actuator. Previous studies have reported light-induced deformation of soft actuators with different 

types of soft materials with various approaches (20-26). A thin polycarbonate membrane/CNT 

double layered structure shows bending deformation under the visible light attributed to the 

different thermal expansion coefficients between each layers (27). A flexible Cr/Au bilayer 

microstructure with a polymer trigger layer on the top can bend upon the irradiation of laser on the 

polymer due to the expansion of polymer layer (28). 

 Among different soft materials, LCE is one of the promising candidate for the bending 

actuation, due to its high anisotropy which can induce large deformation upon light irradiation. 

Many studies have applied photoisomerization with azobenzene moiety (29, 30) or photothermal 

effect (31) with carbon based materials like CNT (32, 33) for obtaining light induced bending 
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deformation of LCE. The light-induced bending deformation of LCE can be obtained when the 

thickness of the LCE structure is larger than the light penetration depth in order to generate 

inhomogeneous contraction of LCE along the thickness. Yu et al. reported a precisely controllable 

directed bending of a LCE film with azobenzene moiety using linearly polarized light (19). In 

addition, direct sun-driven bendable system constituted by CNT incorporated LCE films can 

collect sunlight more effectively (33). 

 Most of studies on light-driven bending deformation presented so far, however, are limited 

to exhibit bending deformation in one or two directions since the soft actuating structures are 

usually in film structure.  In this study, hereby, we report multi-directional light driven bending 

deformation of soft actuator in rod shape. By using LCE-CNT rod structure with a circular shape 

cross-sectional area, we can obtain heliotropic bending behavior which always bends toward light 

in any direction reversibly rather than limited in one or two directions. Furthermore, we 

demonstrate soft gripper actuation with a manipulating function using LCE-CNT rod and arch 

shape LCE-CNT structure which shows practical grasping performance driven by light. 

 

3.2 Methods 

3.2.1 Materials 

 LC monomer, 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (95%, 

RM257) is purchased from Wilshire Technologies. Crosslinker, pentaerythritol tetrakis(3-

mercaptopropionate) (95%, PETMP), spacer, 2,2’-(ethylenedioxy) diethanethiol (95%, EDDET), 

catalyst, dipropyl amine (98%, DPA), photoinitiator, (2-hydroxyethoxy)-2-methylpropiophenone 

(98%, HHMP), and multi-walled carbon nanotubes (98%, CNTs) are purchased from Aldrich. The 
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molecular structures of materials constituting are shown in Fig. 3.1a. LCE All chemicals are used 

as received without any purification. 

 

3.2.2 Fabrication of LCE-CNT rods 

LCE-CNT rods are prepared by the two-step crosslinking reaction according to the method 

previously reported by Yakacki et al (34). The LCE monomer mixture is prepared by dissolving 

RM257 (LC monomer), PETMP (crosslinker), EDDET (spacer), and HHMP (photoinitiator) in 

toluene followed by heating above LC phase transition temperature and vigorous mixing. The 

composition of the mixture consists of 53.0 wt% of RM257, 2.5 wt% of PETMP, 12.5 wt% of 

EDDET, 0.2 wt% of CNTs, and 0.4 wt% of HHMP in toluene. After the mixture becomes 

homogeneous, 0.2 wt% of DPA (catalyst) is added to trigger the reaction. The mixture is placed in 

the vacuum chamber to remove bubbles trapped inside, followed by being transferred into a 

cylindrical mold as shown in Fig. 3.1b. The mixture is left overnight at room temperature to be 

loosely-crosslinked by the thiol-acrylate Michael addition reaction. The loosely-crosslinked LCE 

rod is placed in the oven at 80 ℃ for 24 h for the evaporation of residual solvent. After the LCE 

rod is dried, it is subjected to uniaxial stretch to achieve monodomain state15,42 and under the UV 

light (365 nm, UVP B-100AP/R) irradiation for 1 h to be fully-crosslinked. Finally, the LCE rod 

in a cylindrical shape with different diameters can be obtained.  

 

3.2.3 Fabrication of light-driven soft gripper 

 Light-driven soft gripper consisted by two parts were prepared from the same LCE-CNT 

solution as LCE-CNT rods. We use the LCE-CNT rod as a top part of the soft gripper following 
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the procedure discussed in the previous section. The bottom part of soft gripper was prepared in 

arch shape prepared from the partially crosslinked rectangular shape LCE-CNT with around 1.8 

mm in thickness. The partially crosslinked rectangular shape LCE-CNT was molded into arch 

shape using circular shape glass substrate under uniaxial strain followed by UV curing to obtain 

fully crosslinked LCE-CNT. The top and bottom part of soft grippers are simply combined together 

using electrical tape. 

 

3.3 Results and Discussion 

3.3.1 Multi-directional bending of LCE-CNT 

 Upon the visible light irradiation from the right, LCE-CNT rod bends concave toward the 

light while the pristine LCE rod remains almost same as its initial shape as shown in Fig. 3.2a. The 

different deformation behavior under the same light irradiation environment for pristine LCE rod 

and LCE-CNT rod can be attributed to the photothermal effect of CNT. The electrons within CNT 

excited under the light irradiation relax through the electron-phonon interaction resulting in the 

heat dissipation into surrounding LCE matrix [XX]. Therefore, only LCE-CNT rod exhibits 

obvious bending deformation under the light whereas the pristine LCE deforms slightly due to the 

thermal convection from heat generated by the light source. As the thickness of the LCE-CNT rod 

used in this study is thicker than the light penetration depth, only the CNTs on the surface or near-

surface towards light source on the LCE-CNT rod can convert incoming light into heat. 

Consequently, the LC molecules in the LCE matrix close to the surface to the light source are more 

likely affected by the photothermal effect of CNT to be disordered by heating. Since there would 

be temperature gradient decreasing from the surface toward light to the opposite surface of LCE-
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CNT rod, the LCE-CNT contracts most at the surface toward light, and the opposite surface of 

LCE-CNT may contract less. The inhomogeneous contraction of LCE-CNT rod generates strain 

gradient along the direction thickness of LCE-CNT rod, resulting in the bending deformation of 

whole structure (Fig. 3.2b). As the disordered LCs constituting LCE-CNT rod can recover its 

original anisotropy with temperature decrease, the LCE-CNT rod can become an initial straight 

rod shape when it is cooled after the light is removed. 

 Different from other bendable soft actuating structures conventionally in film shape, the 

LCE-CNT rod prepared in this study is solid and bulky shape with circular shape cross-section 

with homogeneous and larger thickness in any direction than the light penetration. Therefore, the 

LCE-CNT rod can bend towards in any direction following the light, showing heliotropism like 

sunflower behavior. Fig 3.3 shows the heliotropic motion of LCE-CNT rod under the light 

illumination in four different directions. LCE-CNT rod is glued on the substrate to be stand 

vertically perpendicular to the bottom with straight shape. Under the light irradiation, LCE-CNT 

rod shows bending deformation toward the light and recovers its original straight shape when the 

light is turned off. Since the whole surface area of the LCE-CNT rod towards the light source is 

illuminated by the light, the bending deformation occurs along the longitudinal direction of the 

whole LCE-CNT rod. Since the deformation is triggered by the heating process of the LCE matrix, 

the bending begins upon the light irradiation and the bending angle increases gradually until the 

contraction of the LCE towards light is saturated within a few seconds. The recovery process takes 

more time until it fully changed into its original shape as it need to be cooled to the room 

temperature through the heat dissipation process.  

 In addition to the unbounded light-induced deformation, more sophisticated deformation 

can be obtained on the LCE-CNT rod using the nIR laser (Fig. 3.4). Different from the light, the 
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laser is highly concentrated and having a smaller focal point with around 1 mm in diameter, larger 

power with localized external stimuli can be applied on the LCE-CNT rod. Therefore, upon the 

laser is placed on the surface of LCE-CNT rod, localized and larger bending deformation can be 

obtained. Due to the larger power of the laser, LCE-CNT rod exhibits faster and much larger 

deformation up to 90°. Furthermore, the deformation of the LCE-CNT rod is highly localized 

under the laser irradiation, so that the bending direction and location on the longitudinal direction 

on LCE-CNT can be precisely tuned. The bending point of the LCE-CNT rod can be altered at any 

different positions on its longitudinal direction corresponding to the position of the focal point of 

the laser on the surface of LCE-CNT rod range from the bottom right to the top right, or on the 

middle left. Similar to the light induced deformation, the direction of the bending can be tuned by 

controlling the direction of the laser. 

 

3.3.2 Optically driven soft gripper  

 The multidirectional bending ability of LCE-CNT rod enables the LCE structure to be 

applied as a light driven manipulator. In addition to the manipulating function, LCE-CNT rod can 

be combined with another LCE-CNT structure but in different shape for more practical purpose. 

Using the LCE-CNT rods and other LCE-CNT structure in arch shape, soft gripper with 

manipulating function fully driven by light can be prepared. The optically driven soft gripper is 

constituted by LCE-CNT rod on the top and the arch shape LCE-CNT at the bottom, for enabling 

light only driven gripping and manipulating performance. The LCE-CNT rod in the middle plays 

a manipulating role which enables the whole structure bends in any directions towards the light. 

In addition to bending, by illuminating light on both right and left surface of LC-CNT rod 

simultaneously, the LCE-CNT rod contract along its axial direction which enabling the whole 
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structure moves up and down by turning on and off light. The arch shape LCE-CNT located at the 

bottom part can broaden its opening with the light illumination on its outer surface and recovers 

the opening to be decreased with the removal of light, which enabling gripping function by placing 

the opening on an object when it is being enlarged, and grip an object by fixing it at each ends of 

the gripper. Unlike other soft grippers limited to perform gripping and releasing, The LCE-CNT 

soft gripper can grip an object and move it to another location fully driven by light. In the Fig. 3.5, 

the LCE-CNT soft gripper moves a small piece of PDMS block from the back to the front substrate. 

Initially, the whole structure is contracted under the simultaneous light irradiation on the left and 

right of manipulating part followed by selective light irradiation on the lower back surface of the 

manipulating part to bend the whole structure toward back. Meanwhile, as the light is illuminated 

at the lower part of the manipulator, the outer surface of the gripper is under the effect of the light 

as well, so the gripper can broaden its opening. Consequently, the block is placed within an 

opening area of the gripper under the light irradiation and can be fixed by the gripping part once 

the light is removed. After the block is grasped by the soft gripper, the light is placed on the middle 

front part of the manipulator, resulting in the whole structure bends to the front and the gripper 

with the block is located on the front substrate. Finally, the light is placed on the gripping part 

again, and the block is released from the gripper by broadening of the opening and the soft gripper 

returns back to its original position once the light is removed.  

 

3.4 Conclusion 

 In the study, light-induced multi-directional bending LCE-CNT rod is demonstrated using 

a simple preparation method. The LCE-CNT rod exhibits fully reversible heliotropic deformation 

under the visible light due to the inhomogeneous contraction of LCE in any direction towards the 
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light source. Therefore, the bending direction of the LCE-CNT rod can be intentionally tuned by 

positioning a light source. In addition, faster, larger, and localized bending deformation of LCE-

CNT rod can be obtained using nIR laser, which enables precise control of the bending behavior. 

Soft gripper with manipulating function using LCE-CNT rod and arch shape LCE-CNT structure 

is also demonstrated fully driven by the light. The LCE-CNT soft gripper can perform the full 

process including gripping, moving, and releasing of an objective only driven by light. Because of 

the simple fabrication process and multi-directional bending performance, we expect that the LCE-

CNT rod has a potential to be adopted in other types of practical applications. 
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Figure 3.1: Schematic illustration of the process for the LCE rod preparation. (a) Chemical 
structures of the components for synthesizing a LCE rod. (b) LCE solution is poured into a 
cylindrical shape mold and left at room temperature to form partially crosslinked LCE rod. The 
partially crosslinked LCE rod is subjected to the uniaxial stretch under UV irradiation to be fully 
crosslinked with a monodomain configuration. 
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Figure 3.2: Bending deformation behavior of LCE and LCE-CNT rod. (a) Under the light 
irradiation with 300 mW/cm2, LCE-CNT rod only bends concave toward to the light. (b) 
Schematic of LCE-CNT rod bending which is induced by photothermal effect of CNT that causes 
strain gradient on the rod in thickness.  
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Figure 3.3: Multi-directional bending deformation of LCE-CNT rod under the light irradiation. 
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Figure 3.4: Bending deformation of LCE-CNT rod induced by nIR laser. (a) The direction of 
deformation can be tuned by the position of the laser. (b) Controllable localized deformation along 
the longitudinal direction of LCE-CNT rod. 
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Figure 3.5: Soft gripper prepared from LCE-CNT rod and LCE-CNT arch structure. The soft 
gripper can fully light-driven gripping and manipulation which enables moving a PDMS piece 
from the rear to the front plate. 
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Chapter 4 Light or Thermally Powered Autonomous 

Rolling of an Elastomer Rod 

 

 Specially arranged external stimuli or carefully designed geometry are often essential for 

realizing continuous autonomous motion of active structures without self-carried power. As a 

consequence, it is usually very challenging to further integrate those structures as active building 

blocks into a system with complex form and multifunction. In this letter, we report an autonomous 

motion of a surprisingly simple setup: a cylindrical elastomer rod on a flat hot surface or under 

homogenous illumination of visible light. We further show that the rod can roll continuously 

without any sign of a pause after six hours, if an obstacle is put in front of it. We demonstrate that 

such non-intuitive autonomous rolling results from a combination of large thermal actuation of the 

elastomer and heat transfer between the rod and its surroundings. Using the autonomous rolling 

rods as main building blocks, we further design and fabricate a light-powered vehicle and a 

thermally-powered conveyor for mass transport in both air and water environment.  
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4.1 Introduction 

 Controlled movement of tether-less structures, driven by different external stimuli such as 

light, humidity, heat and magnetic field, have been recently extensively explored (1-10), thanks to 

their potential applications in robotics, biomimetic systems, and energy harvesting devices. To 

maintain continuous motion of those structures, it is usually required to either introduce spatially 

heterogeneous stimuli (11) or dynamically control the external stimuli (12, 13). For example, a 

photo-sensitive polymeric thin film can swim away from a light source on the surface of water, 

when the light is periodically turned on and off (14, 15). Hygrobot fabricated from humidity-

sensitive polymer can move along the gradient of environmental humidity (16). A self-walking gel 

robot can walk automatically driven by internal self-oscillating reactions (17).  

 Recently, novel structures and devices have been fabricated, which can move ceaselessly 

under the action of static stimuli (8, 18-20). Autonomous movement of most of those structures 

relies on carefully designed geometries (7, 24, 25), customized material (1, 8, 23) and/or specially 

arranged external stimuli (3, 22). For example, in most light-driven autonomous moving structures, 

the light has to be illuminated from certain direction to the active structure (8, 13, 23). Although 

unusual capabilities and intriguing performance of those structures have been demonstrated, it is 

very challenging to assemble those delicate structures as active building blocks to a system with 

complex forms and multifunction. 

 In this article, we report autonomous rolling of a cylindrical monodomain liquid crystal 

elastomer (LCE) rod on a flat plate with homogenously elevated temperature or under homogenous 

light illumination. Due to the large and reversible actuation strain, high stretchability and excellent 

programmability, LCE has been recently developed into diverse structures to realize various 
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deformation and motion, triggered by thermal (24-28), optical (3, 29-35) and magnetic stimuli (36, 

37). Different from all the previous studies, continuous and autonomous rolling of an LCE rod 

observed in current study does not rely on any complex geometrical design, special patterning of 

mesogenic molecules and inhomogeneous or dynamic external stimuli. Autonomous rolling in the 

current work means no dynamic control of stimuli is involved, which is also often categorized as 

self-regulating motion (10). Based on our understandings of the autonomous rolling mechanism 

of the LCE rod, we can realize controlled rod rolling through a combination of thermal and optical 

stimuli. Using autonomous rolling rods as the main building blocks, we further design and 

fabricate light-powered weight-carrying vehicle and thermally-powered conveyor for mass 

transport in both air and water.  

 

4.2 Methods 

4.2.1 Materials 

 LC monomer, 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (95%, 

RM257) is purchased from Wilshire Technologies. Crosslinker, pentaerythritol tetrakis(3-

mercaptopropionate) (95%, PETMP), spacer, 2,2’-(ethylenedioxy) diethanethiol (95%, EDDET), 

catalyst, dipropyl amine (98%, DPA), photoinitiator, (2-hydroxyethoxy)-2-methylpropiophenone 

(98%, HHMP), and multi-walled carbon nanotubes (98%, CNTs) are purchased from Aldrich. All 

chemicals are used as received without any purification. 
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4.2.2 Fabrication of LCE rods 

 LCE rods are prepared by the two-step crosslinking reaction according to the method 

previously reported by Yakacki et al. (38). The LCE monomer mixture is prepared by dissolving 

RM257 (LC monomer), PETMP (crosslinker), EDDET (spacer), and HHMP (photoinitiator) in 

toluene followed by heating above LC phase transition temperature and vigorous mixing. The 

composition of the mixture consists of 53.0 wt% of RM257, 2.5 wt% of PETMP, 12.5 wt% of 

EDDET, and 0.4 wt% of HHMP in toluene. After the mixture becomes homogeneous, 0.2 wt% of 

DPA (catalyst) is added to trigger the reaction. For LCE-CNT composite, 0.2 wt% of CNTs are 

also added in the mixture. The mixture is placed in the vacuum chamber to remove bubbles trapped 

inside, followed by being transferred into a cylindrical mold . The mixture is left overnight at room 

temperature to be loosely-crosslinked by the thiol-acrylate Michael addition reaction. The loosely-

crosslinked LCE rod is placed in the oven at 80 ℃ for 24 h for the evaporation of residual solvent. 

After the LCE rod is dried, it is subjected to uniaxial stretch to achieve monodomain state (15,38) 

and under the UV light (365 nm, UVP B-100AP/R) irradiation for 1 h to be fully-crosslinked. 

Finally, the LCE rod in a cylindrical shape with different diameters can be obtained.  

 

4.2.3 Heat and light-induced rolling 

 The temperature of the hot plate (Corning PC-420D) is set up as a desired temperature and 

then LCE rod is placed on the top of it to initiate heat-induced rolling motion. For the light-induced 

rolling, LCE-CNT rod is placed below a white light source (Hubbell QLI500, halogen lamp) with 

distance about 20 cm. The LCE-CNT rod begins to move once the light is turned on. 
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4.2.4 Light-induced rolling reversal 

 The rolling direction of the LCE rod can be reversed by irradiation of visible light (Hubbell 

QLI500, halogen lamp) on the convex surface of the LCE rod. The light was turned on 20 cm away 

from the LCE rod while it is rolling. Once the rolling direction of the LCE rod is reversed, no 

further light irradiation is required.  

 

4.2.5 Fabrication of LCE rod-based active structures 

 Two pairs of LCE-CNT rods, as wheels of the light-powered LCE vehicle, are connected 

by aluminum wires with diameter of 0.3 mm. A supporting frame structure is built on the 

connecting wires. For the weight-carrying LCE-CNT rod under water, an LCE-CNT rod is placed 

under water and two laser-cut acrylic structures connected by a transparent acrylic sheet are placed 

on the top of it. LCE-CNT rod rolls and drag the structure move forward under water, when a laser 

is scanned along the length of the rod. The thermally-driven LCE conveyor is made by placing 

five LCE rods I n parallel on the top of a hot surface. Two acrylic structures with five holes are 

placed at each end of the LCE rods to prevent the translation. 

  

4.3 Results and Discussion 

 We find in the experiment that a cylindrical (monodomain) LCE rod with 70.0 mm length 

and 2.6 mm diameter rolls to one direction immediately after it is placed on the top of a flat hot 

surface with homogenous temperature around 100 ˚C. Its rolling speed is around 6 mm/s as shown 

in Fig. 4.1a. Inspired by the thermally-induced rolling, we further show that similar autonomous 



 

 
 

65 

rolling can also be powered by homogenous light illumination for an LCE-carbon nanotube (CNT) 

composite rod as shown in Fig 4.1b. In the experiment, we shed a white light (Hubbell QLI500, 

halogen lamp) from the top onto the LCE-CNT composite rod with the same size as the pristine 

LCE rod, which is laid on a flat surface at room temperature. The rod begins to roll to one direction 

at the speed around 0.3 mm/s, immediately after the light exposure. During the rolling of the 

elastomer rod as illustrated in Fig. 4.1a and b, no sliding between the rod and the surface is 

observed.   

 The LCE rod can even roll up on a hot surface with a tilting angle around 11o as shown in 

Fig. 4.2a. In this case, the rolling speed of the rod decreases to 3 mm/s, compared to 6 mm/s on a 

flat surface. With a blockage in front of the LCE rod, it can continuously spin with no sign of 

stopping after six hours, though its angular velocity slightly decreases from 2.05 rad/s to 1.75 rad/s 

as shown in Fig. 4.2b.   

 According to our knowledge, the autonomous rolling of an elastomer rod for such a simple 

setup as described above has never been reported before. We next provide a qualitative 

interpretation for the phenomenon and later develop a quantitative thermo-mechanics model for it. 

In terms of molecular structure, LCE can be regarded as an integration of mesogenic molecules 

into a polymer network. Large contraction along the aligning direction of the mesogens can be 

realized in a monodomain LCE upon heating, caused by the increased disorder of aligned 

mesogens with temperature increase. Reversible thermal actuation of an monodomain LCE film 

used in the current work is shown in Fig. 4.3. For an LCE-CNT composite, similar contraction can 

be achieved by light illumination due to photo-thermal effects, as shown in many previous studies 

(39-42). We believe the light or thermally-powered autonomous rolling of the LCE rod described 

above are due to the combination of large thermal actuation of LCE material and heat transfer 
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between the elastomer and ambient environment. In the following, we discuss how the LCE rod 

starts to roll as well as maintains the continuous and steady rolling.  

 Because the external stimuli, namely the high temperature and light irradiation, are nearly 

homogenous in the lateral direction, breaking the geometrical symmetry of a cylindrical rod is 

necessary for initiating its rolling. In our experiments, we believe it is the initial curvature of the 

rod (introduced during its fabrication) that breaks the symmetry. Through careful examinations, 

we find that the degree of curvature of an as-prepared LCE rod as shown in Fig 4.4a, can be as 

large as 10˚, if no special attention is paid during the fabrication. In the autonomous rolling 

experiments, if we rotate the LCE rod by 180˚ with respect to its longitudinal axis, the rod rolls to 

the opposite direction under the same experimental condition, which also indicates the geometric 

asymmetry of the rod. Moreover, to directly validate the above explanations, we also fabricate 

LCE rods extremely carefully to significantly reduce their initial bending as shown in Fig. 4.4b. 

We find that those much straighter LCE rods cannot roll spontaneously when they are put onto the 

same hot surface.  

 The moment which drives the LCE rod to roll can be understood in the following 

force/moment analysis: when a cylindrical LCE rod is placed on a flat plate at room temperature, 

its gravity is distributed homogenously along its length. Likewise, the distribution of the 

supporting force provided by the plate is also homogenous. Therefore, the supporting force and 

gravity are balanced with each other as illustrated in Fig. 4.5a. When the temperature of the plate 

is raised to above the phase transition temperature of the mesogens in the LCE, the bottom of the 

LCE rod directly in contact with the plate is heated up to a higher temperature than the top of the 

rod as shown in Fig. 4.5b. Because the contraction of the LCE increases with the increase of 

temperature, the bottom of the LCE rod tends to contract more along the axial direction than its 
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top part, resulting in an internal bending moment which tends to bend up the middle segment of 

the rod. As a consequence, the homogenously distributed supporting force provided by the plate 

gets more and more concentrated toward the two ends of the rod. In an extreme case, if the LCE 

rod is clamped by its two ends as shown in Fig. 4.6a, due to the bending deformation of the LCE 

rod, the supporting force finally becomes two point-forces applied onto the two ends. 

 Because of the redistribution of the supporting force and the curved shape of the rod, the 

gravitational force of the rod and the supporting force provided by the plate can form a couple 

which drives the rod to roll to the direction which it is convex to, as shown in Fig. 4.5b. After the 

rolling of the LCE rod is started, the rolling can be maintained because the side of the rod opposite 

to the rolling direction is always hotter than the other side (Fig. 4.5b), which automatically 

maintains the lateral bending of the rod. For those straight LCE rods prepared much more carefully 

as mentioned previously, which cannot spontaneously roll on the hot plate, they can maintain the 

rolling without requiring any external force or torque, once the rolling is triggered. Therefore, the 

initial bending of an LCE rod is not critical for the maintenance of the continuous rolling.  

 Based on the mechanism proposed above, we can easily understand the light-powered 

rolling of the LCE-CNT composite rod. With a light radiation from the top, the top surface of the 

rod is heated up and tends to contract due to the photo-thermal effect. As a result, the two ends of 

the LCE rod has the tendency of bending up, causing the supporting force being concentrated on 

the middle of the rod. Light-induced bending deformation of a LCE-CNT composite rod is shown 

in Fig. 4.6b. The concentrated supporting force and gravity of the rod can also form a couple which 

drives the rod to roll to its concave direction as shown in Fig. 4.5c, which is opposite to the 

thermally-powered rolling as discussed above. Such prediction completely agrees with 

experimental observations.   
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 According to the understandings of the autonomous rolling mechanism of the elastomer 

rod, rolling direction of the rod is determined by the direction of its curvature. We next use a light 

source to induce the reversal of the rolling direction of an LCE-CNT composite rod on a hot plate. 

In the experiment, an LCE-CNT composite rod first rolls on a hot plate with homogenous 

temperature of 100 °C. At a moment, we turn on a light remotely, which makes the rod slow down, 

stop and roll to the opposite direction as shown in Fig. 4.7. Such light-induced reversal of rod 

rolling can be easily understood based on the mechanism proposed above. As explained previously, 

before the light is turned on, the rod rolls on a hot surface to its convex direction. When a light is 

irradiated onto the LCE rod from its moving direction, the side of the rod facing to the light can 

absorb light, convert it to heat and tend to contract. As a consequence, the curvature of the rod, 

and thus its rolling direction, are both reversed to the opposite direction as shown in Fig. 4.7. 

Although only light-induced reversal of the rolling is demonstrated in the current work, it is 

reasonable to expect that by applying inhomogeneous light irradiation onto the LCE-CNT 

composite rod, we can realize many different rolling paths of the rod on a hot surface, which will 

be investigated in a following-up work.     

 Due to the simplicity of the autonomous rolling of an LCE rod discovered by us, we next 

assemble the LCE rods to three different functional devices which can be powered by heat or light, 

respectively. The first device is a light-powered weight-carrying vehicle as shown in Fig. 4.8a. 

The vehicle is simply composed of four LCE-CNT composite rods as active wheels connected to 

a wire as supporting structure. Rolling of the four wheels can finally result in translational motion 

of the vehicle. In the experiment as shown in Fig. 4.8a, we put a weight of roughly two times of 

the weight of the LCE rods on a supporting structure. Under the illumination of white light, the 

LCE vehicle can move forward with a speed around 0.2 mm/s.   
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 To demonstrate the robustness of the autonomous rolling, we further show that a similar 

light-powered LCE vehicle can move underwater (Fig. 4.8b). In the design, a single LCE-CNT 

composite rod is used as the driving wheel for the vehicle. With a continuous nIR-laser scanning 

along the axial direction of the rod from the top, the vehicle can move under water with a speed 

around 2.0 mm/s while carrying a small weight.   

 The third device is a thermally-powered LCE conveyor as shown in Fig. 4.8c. Five LCE 

rods are placed parallel on the top of a hot surface. To prevent translational motion, both ends of 

each rod are constrained by small holes of rigid frames, which are glued onto the substrate. Blocks 

of different shapes can be transported on the conveyor from one side to the other side with the 

speed around 1.7 mm/s. Each block has a weight comparable to that of an LCE rod. 

 The three functional devices shown in Fig. 4.8 clearly demonstrate the potential 

applications of the light or thermally-driven autonomous rolling of LCE rods discovered in the 

current study. Due to the simple geometry and high robustness of the rolling mechanism, advanced 

active structures of more complex forms and with multiple functionalities can also be constructed 

based on various combinations of LCE rods. 

 

4.4 Conclusion 

 In this article, we report a discovery of autonomous rolling phenomenon in a surprisingly 

simple setup: a cylindrical elastomer rod on a flat hot surface with homogenous temperature or 

under homogenous illumination of light. We find that a combination of thermally-driven active 

deformation of the elastomer and heat transfer between the rod and its surrounding is the key for 

the autonomous rolling of the rod. Based on our understanding, we successfully use a white light 
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source to induce the reversal of thermally-powered rod rolling. In addition, using the autonomous 

rolling rods as the active building blocks, we design and fabricate a light-powered weight-carrying 

vehicle, and a thermally-powered conveyor.  

   

 

 Chapter 4, in part or in full, is a reprint of the following material: 

C. Ahn, X. Liang, S. Cai “Light or Thermally Powered Autonomous Rolling of an Elastomer Rod”, 

ACS Appl. Mater. Interfaces, 2018, 10, (2017). The dissertation author was the primary 

investigator and author of this paper. 
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Figure 4.1: Autonomous rolling of an LCE rod on a plate with homogenously elevated temperature 
or under homogeneous light illumination. (a) A cylindrical LCE rod rolls autonomously on a hot 
plate with homogenous temperature around 100oC. (b) A cylindrical LCE-CNT composite rod 
rolls autonomously under homogenous illumination of white light with power density of 300 
mW/cm2. 
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Figure 4.2: (a) Autonomous climbing LCE rod on a tilted hot surface. (b) Spinning of the same 
LCE rod blocked by a glass bottle on a hot surface with temperature of 100 oC. 10 mins after the 
start of the spinning of the LCE rod, its spinning angular velocity of the rod is around 2.05 rad/s. 
After 6.5 hours, the spinning angular velocity of the rod decreases to 1.75 rad/s. 
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Figure 4.3: Reversible thermal actuation of a LCE film. (a) Photos of reversible actuation of a LCE 
film with temperature change. (b) Contraction strain of LCE film as a function of temperature with 
continuous heating and cooling process between 20 °C and 160 °C. 
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Figure 4.4: Photos of (a) an as-prepared LCE rod with initial bending angle, and (b) much straighter 
one, prepared with special effort.  
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Figure 4.5: Schematic illustration of the mechanism of autonomous rolling of an LCE rod on a hot 
surface or under homogenous light illumination. (a) Initially, for an LCE rod lying on a surface at 
room temperature, its gravity distributes homogenously along its length, which is balanced by the 
supporting force provided by the surface. (b) When the temperature of the surface is elevated, an 
inhomogeneous temperature field in the LCE rod results in inhomogeneous actuating strain, which 
tends to bend the middle part of the rod up, and the supporting force gets highly concentrated on 
the two ends of the rod.  Finally, the gravitational force and the supporting force generate a moment 
driving the LCE rod roll to the direction which it is convex toward. (c) With a light irradiation 
from the top, the LCE-CNT composite rod has the tendency of bending its two ends up due to the 
photothermal effect of CNTs which generate thermal gradient along the thickness of the rod. As a 
result, the supporting force provided by the surface gets concentrated to the middle part of the rod, 
and the moment generated by the supporting force and gravity drives the rod rolls to its concave 
direction. (d) Free body diagram analysis of half of the rod, which steadily rolls on a hot plate. 
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Figure 4.6: Bending deformation of an LCE rod and LCE-CNT composite rod induced by (a) 
bottom heating and (b) visible light illumination. 
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Figure 4.7: Light-induced reverse rolling of an LCE-CNT composite rod on a flat hot surface. An 
LCE-CNT composite rod rolls autonomously to its convex direction on a flat hot surface. When 
we turn on a light, the middle of the rod bends opposite to its rolling direction, and consequently, 
the rolling of the rod slows down, stops and then reverses. The rod moves to the opposite direction 
steadily after the light is turned off.  
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Figure 4.8: Demonstrations of active structures composed of LCE rods as active building blocks. 
(a) A vehicle composed of four LCE-CNT rod wheels can move on a flat surface under light 
illumination. (b) LCE-CNT rod rolls under water induced by laser scanning while carrying weight. 
(c) Thermally-driven LCE conveyor transports weights by its continuous rolling on a hot surface.  
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Chapter 5 Bioinspired design of light-powered crawling, 

squeezing and jumping of an untethered soft robot 

  

 Light, as a special form of energy, has been recently intensively explored to power small-

scale robots. However, most existing light-driven locomoting robots have limited mobility. In this 

article, we demonstrate a bioinspired design of a completely light-powered untethered soft robot, 

which can crawl on ground, squeeze its way through a small channel and jump over a wall or onto 

a step above the ground. The soft robot with an arch shape is made up of liquid crystal elastomer-

carbon nanotube composite, which can be actuated by the irradiation of visible light. When a light 

source is scanned over the surface of the robot, it deforms to an asymmetric shape and crawls 

forward. With the increase of the light scanning speed, the soft robot can deform significantly to 

enable itself to pass through a small channel. Subjected to certain light irradiation, the soft robot 

can deform to a closed loop, gradually store elastic energy and suddenly release it to jump over a 

wall or onto a step at a fast speed. 
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5.1 Introduction 

 Because light can be easily controlled remotely and precisely, light-powered moving 

structures have been increasingly explored in recent studies (1-5). Various light-powered 

locomotion such as rolling (6-9), crawling (10-13) and swimming (14-18) have been successfully 

realized in different structures composed of various light-responsive materials. For example, a 

tubular polycarbonate/carbon nanotube bilayer structure can roll on a flat surface under directional 

light illumination (6). By mimicking the locomotion of caterpillar, a liquid crystal elastomer-based 

mini robot can crawl under periodic light irradiation (11). Under a constant UV irradiation, a 

liquid-crystal network film can generate continuous waves that propagate away from the light 

source to enable its movement (12). However, most existing light-driven locomoting structures 

have limited mobility.  

 Multimodal locomotion of a robot (19) is highly desired for enhancing its adaptivity in 

complex environments. In particular, it has been recognized that jumping is an efficient mode for 

a small-scale robot to overcome obstacles and realize sudden motion (20), which is, however, 

extremely challenging for an untethered soft robot (21). This is partially because the actuation 

power of an untethered soft robot is often not large enough to enable the jumping. Recently, Hu et 

al. have demonstrated multimodal locomotion of a magneto-elastic soft millirobot by precisely 

controlling the magnitude and direction of externally applied magnetic field (19). Recent studies 

have also realized combustion-powered jumping of a soft robot (21-23), but the total number of 

the jumping that can be achieved by the robot is still very limited. 

 In nature, many soft worms can easily achieve different modes of locomotion by using 

simple actuation mechanisms. Although most soft worms often move slowly due to the small 
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actuation power of their muscles, some of them can achieve fast jumping by adopting different 

power-amplifying strategies. For instance, a fruit fly larva can crawl through contracting its 

longitudinal muscle and anchoring its legs in the posterior and anterior alternately (24). To 

overcome uneven obstacles, a fruit fly larva can achieve fast jumping through a series of actions: 

bringing its head to the tail to form a closed loop by allowing its mouth hook to grip the cuticle 

below the posterior spiracles, generating tension in its body through muscle contraction and 

disengaging its grip to release the stored elastic energy suddenly (25). Very similar jumping 

strategy is also adopted by nematode with a much smaller size (26, 27). Such a power-amplifying 

mechanism can be conceptualized as a spring-motor-latch system (28), which has been widely 

found in different animals (29-33) as well as plants (34, 35). 

 In this article, inspired by the crawling motion of inchworm (Fig. 5.1a) and jumping motion 

of fruit fly larva (Fig. 5.1b) (or nematode), we build a liquid crystal elastomer (LCE)-carbon 

nanotube (CNT)-based soft robot in an arch shape, which can crawl on ground, squeeze itself to 

pass through a small channel, and jump over a wall and onto a step above the ground at a fast 

speed. We demonstrate that different modes of locomotion of the soft robot can be easily switched 

from one to another by changing the way of light irradiation as shown in Fig. 5.1c. Because only 

elastic deformation is involved, different modes of locomotion can be achieved as many times as 

needed.  
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5.2 Methods 

5.2.1 Materials 

 LC monomer, 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (95%, 

RM257) is purchased from Wilshire Technologies. Crosslinker, pentaerythritol tetrakis(3-

mercaptopropionate) (95%, PETMP), spacer, 2,2’-(ethylenedioxy) diethanethiol (95%, EDDET), 

catalyst, dipropyl amine (98%, DPA), photoinitiator, (2-hydroxyethoxy)-2-methylpropiophenone 

(98%, HHMP), and multi-walled carbon nanotubes (98%, CNTs) are purchased from Aldrich. All 

chemicals are used as received without any purification. 

 

5.2.2 Fabrication of soft robot 

 LCE-CNT composite is prepared by the two-step crosslinking reaction according to the 

method previously reported by Yakacki et al (36). The Pre-LCE solution is prepared by dissolving 

RM257 (LC monomer), PETMP (crosslinker), EDDET (spacer), and HHMP (photoinitiator) in 

toluene followed by heating above LC phase transition temperature and vigorous mixing. The 

composition of the mixture consists of 53.0 wt% of RM257, 2.5 wt% of PETMP, 12.5 wt% of 

EDDET, and 0.4 wt% of HHMP in toluene. In the mixture, 0.3 wt% of CNTs are also added to be 

dispersed by vigorous stirring for 1 h. After the mixture became homogeneous, 0.2 wt% of DPA 

(catalyst) is added to trigger the reaction. The mixture is placed in the vacuum chamber to remove 

bubbles trapped inside followed by being transferred into a rectangular shaped mold. The mixture 

is left overnight at room temperature to be loosely-crosslinked by the thiol-acrylate Michael 

addition reaction. The loosely-crosslinked LCE-CNT composite is taken out from the mold and 

placed in the oven at 80 ℃ for 24 h for the evaporation of residual solvent. After the LCE-CNT 
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composite is dried, it is subjected to uniaxial stretch to align LC molecules in a longitudinal 

direction and molded into an arch shape under the UV light (365 nm, UVP B-100AP/R) irradiation 

for 1 h to be fully crosslinked. Finally, the soft robot is prepared by attaching magnet pieces on 

each end. 

 

5.2.3 Characterization of the light-induced deformation of an LCE-CNT composite film 

 A free-standing rectangular LCE-CNT composite film with the dimensions of 40 mm × 7 

mm × 2 mm is hung on a rod. To tune the intensity of the illuminated light, we turn on a halogen 

light bulb (100 W) and place it at three different distances (4, 5, and 7 cm) away from the film. 

When the light-induced bending of the LCE-CNT composite film reaches a steady state, the light 

bulb is turned off to allow the deformed LCE-CNT composite film to recover to its original shape. 

It is noted that in the entire experiment, the same halogen light bulb is used as the only light source. 

 

5.2.4 Light-induced crawling and squeezing of the soft robot 

 The crawling and squeezing of the soft robot is enabled by manually scanning the light 

over the surface of the soft robot from one end to the other. The distance between the light bulb 

and the surface of the soft robot is set to be around 2 cm.   

 

5.2.5 Light-induced jumping of the soft robot 

 In the experiment, the soft robot forms a closed loop after its inner surface is illuminated 

by light. Once the loop is formed, it can be maintained by the attractive binding force from the two 
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magnets attached to the ends of the robot, even after the light is turned off. The outer surface of 

the soft robot is then exposed to light irradiation at a 2 cm distance, which can induce large 

deformation over time. When the deformation of the soft robot is too large, the two magnets are 

suddenly separated and a portion of the stored strain energy is released during a short period, which 

results in the jumping of the robot. Since the deformation of the robot involved in the process is 

reversible, the soft robot can recover to its original shape and be ready for the next jumping or 

crawling after its landing. 

 

5.2.6 Thermal-mechanical characterizations of the LCE-CNT composite 

 We measure the stress-strain diagram of the LCE-CNT composite by using a mechanical 

testing machine (5965 Dual Column Testing systems, Instron). The LCE-CNT composite film is 

first cut into rectangles with the dimension of 30 mm × 8 mm × 1.5 mm. The samples are then 

firmly clamped by the grippers of the machine and subjected to a uniaxial tensile stress. During 

the test, both strain and stress are automatically recorded by the machine. The accuracy of the 

strain measurement is within ±0.1%. We conduct the mechanical tests of the composite at two 

different strain rates (0.1/min and 0.2/min), which are comparable to the strain rate of the 

composite undergoing the light-induced deformation in the later experiments. We can fit the stress-

strain curve predicted by Neo-Hookean model with shear modulus of 1 MPa to the measurements 

(Fig. 5.2a). We assume the Poisson’s ratio (ν) of the LCE-CNT composite is 0.49, resulting in the 

bulk modulus of the material K=2μ(1+ν)/(3(1-2ν))=49.7 MPa. 

 To measure thermally-induced contraction in the material, we put a free standing LCE-

CNT composite film with the dimension of 50 mm × 8 mm × 0.6 mm, on a hot plate (Corning, 
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PC-420D) with controllable temperature. The thermally-induced contractive strain in the film is 

measured from room temperature to about 160 °C with 20 °C intervals as shown in Fig. 5.2b. 

 

5.3 Results and Discussion 

5.3.1 Light-induced bending of an LCE-CNT composite film 

 In this study, we employ LCE-CNT composite as the active material to build a light-

powered soft robot. LCE can be regarded as an integration of mesogenic molecules with a polymer 

network. With the increase of temperature, uniaxially aligned mesogens in a monodomain LCE 

become disordered, resulting in large and reversible contraction of the material. Through mixing 

a small amount of CNT with LCE, we can make LCE-CNT composite, which exhibits large 

reversible actuation under the irradiation of visible light due to the photothermal effect of the 

embedded CNTs. 

 As shown in Fig. 5.3a, to fabricate a monodomain LCE-CNT composite film, we first mix 

pre-LCE solution with CNTs, which is then filled in a sandwiched glass cell and left intact for 

twelve hours to enable the completion of first-step crosslinking reaction of the polymer. To induce 

macroscopic alignment of the mesogens in the film, we next apply a uniaxial stretch onto the film, 

which is then subjected to UV irradiation to trigger the second-step crosslinking reaction. More 

details of the fabrication of a monodomain LCE-CNT composite film can be found in the Materials 

and Methods Section. 

 We show in Fig. 5.3b that an initially flat LCE-CNT composite film can bend toward a 

visible light source. Under the light irradiation, the temperature in the film is inhomogeneous: the 

surface of the film directly exposed to the light irradiation has the highest temperature, while the 
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opposite side of the film has the lowest temperature. The inhomogeneous temperature field in the 

film can result in inhomogeneous contraction and consequently bending deformation. When the 

light is turned on, the deflecting angle of the film increases with time till reaches a maximal value. 

The maximal deflecting angle and the bending dynamics of the film can be changed by varying 

the light intensity (Fig. 5.3c). When the light is turned off, the deflecting angle of the film gradually 

reduces to zero. Light-powered multimodal locomotion of the soft robot developed in the current 

study mainly relies on such light-induced bending of an LCE-CNT composite film. 

 

5.3.2 Light-powered crawling, squeezing and jumping of a soft robot 

 The soft robot is simply composed of an arch shape LCE-CNT composite film and two 

magnets attached to its ends as shown in Fig. 5.4a and Fig. 5.5. Along the proceeding path of the 

robot, we place several types of obstacles including a wall, a channel and a step to mimic complex 

environment (Fig. 5.4a). By controlling the way of light irradiation, we can realize different 

locomotion modes of the soft robot as shown in Fig. 5.4b-e. Since the deformation in the active 

material is elastic and the binding between the two magnets is reversible, different modes of 

locomotion can be actuated and switched from one to another as many times as needed. 

 When we scan a light over the surface of the soft robot from one end to the other, the robot 

crawls to the direction opposite to the direction of light scanning (Fig. 5.4b). The robot can 

continuously crawl forward on the ground under cyclic light scanning. The crawling speed of the 

soft robot is around 0.7 mm/s (0.5 body length/min), when the maximal light intensity at the 

surface of the soft robot is 1.57 Wcm-2 (with the light bulb 2cm away from the surface of the robot), 

and the light scanning speed is around 15 mm/s with 10s of interval between every two adjacent 

light scanning cycles. The mechanism for the light-powered crawling of the soft robot can be 
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understood as following (Fig. 5.6): subject to light irradiation, the soft robot bends inward greatly 

near the region with the highest light intensity. With the movement of the light source, the region 

with maximal inward bending moves accordingly. Due to the inward-bending, the shape of the 

soft robot becomes asymmetric, resulting in uneven supporting forces in the vertical direction on 

its two ends. Such a symmetry breaking is essential for the soft robot to move to one direction. 

Meanwhile, with the light-induced bending, two horizontal forces of the same magnitude but 

opposite directions are also applied onto the two ends of the soft robot. As the light-induced 

deformation increases, the horizontal reactive force can finally exceed the maximum force of static 

friction of one end, leading to the sliding of it. With the movement of the light source and the 

correspondent inward-bending region, the two ends of the soft robot move to one direction 

alternatively. 

 Large deformability has been recognized as one of the unique advantages of a soft robot 

(37-40). During the crawling, the height of the soft robot can decrease dramatically. Both of the 

crawling speed and the height of the robot can be changed by varying the time interval between 

two adjacent light scanning cycles. As shown in Fig. 5.4d, when the time interval between every 

two adjacent light scanning is decreased to 1 s, the soft robot can squeeze itself to pass through a 

small channel, which is around 25% smaller than the initial height of the robot. More quantitative 

understanding of the relationship between the light scanning speed/time interval and the crawling 

speed/vertical deformation of the soft robot can be found in the following mathematical modelling 

section. 

 In addition to the crawling and squeezing, the soft robot can also jump over a wall (Fig. 

5.4c) and onto a step above the ground (Fig. 5.4e), powered by the same light source. Similar to 

the jumping of the fly larva shown in Fig. 1b, to achieve fast jumping, the soft robot first bends 
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itself to a closed loop with the light irradiation onto its inner surface. After the light is turned off, 

the closed loop can still be maintained because of the attractive binding force generated by the two 

magnets. Subsequently, the outer surface of the loop is exposed to light irradiation with the 

maximal intensity of 1.57 Wcm-2, leading to large deformation. When the deformation or the stored 

elastic energy in the soft robot reaches a critical level after around 20 s of the light irradiation, the 

closed loop is suddenly opened. During the opening of the loop, the stored elastic energy is released 

in a short period. The sudden cascading of elastic energy enables power amplification and triggers 

jumping of the soft robot. The jumping height of the robot can reach around 80mm and the jumping 

distance is around 130mm.  Although a fruit fly larva (8.5 mm in body length) can jump 8 times 

body length high and 14 times body length far, the weight of a fruit fly larva is around 2 orders of 

magnitude smaller than that of the current soft robot (25). 

 

5.4 Conclusion 

 In summary, we demonstrate that a soft robot made up of LCE-CNT composite film can 

crawl, squeeze and jump, entirely powered by light. Although light-powered locomoting robots 

have been widely explored in the previous studies, their mobilities are often very limited. In 

particular, light-powered motions are usually slow. For the soft robot with an arch shape developed 

in the current study, we can easily realize multimodal locomotion of it by only using a light bulb. 

When the light bulb is scanned over the surface of the robot, it can crawl at the speed of 0.7 mm/s 

(0.5 body length/min). With the reduction of time interval between two adjacent light scanning 

cycles, the robot can reduce its height by 25% to pass a small channel during crawling. To achieve 

light-powered jumping of the robot, we adopt a power-amplifying mechanism inspired by the 

jumping of fruit-fly larva or nematode. We demonstrate that the soft robot developed in the current 
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work can jump as high as 80 mm (3 times of its height) and as far as 130 mm (4 times of its height). 

  

 

 Chapter 5, in part or in full, is a reprint of the following material: 

C. Ahn, X. Liang, S. Cai “Bioinspired design of light-powered crawling, squeezing and jumping 

of an untethered soft robot” (submitted).  The dissertation author was the primary investigator and 

author of this paper. 
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Figure 5.1: Bioinspired design of light-powered crawling, squeezing and jumping of a soft robot. 
(a) Two overlapped snapshots of a crawling inchworm (Geometridae larva). The inchworm bends 
its body through muscle contraction to achieve directional crawling. (b) Three overlapped 
snapshots of a fruit fly larva (Ceratitis capitat) jumping from the ground. The fruit fly larva realizes 
jumping motion by first bending its body to form a closed loop, storing elastic energy through 
muscle contraction and finally releasing the stored energy in a short time. (c) Bioinspired design 
of an arch shape soft robot that can crawl and jump, powered by light. The soft robot is made up 
of a light-responsive material. When a light is scanned over the surface of the soft robot from one 
end to the other, it can bend and move forward, similar to the crawling motion of an inchworm. 
The soft robot with two magnets attached to the ends (gray area) can also jump by first forming a 
closed loop through magnetic force, storing elastic energy under light irradiation and suddenly 
releasing the stored energy, which closely resembles the jumping of fruit fly larva. 
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Figure 5.2: Characterizations of the properties of the LCE-CNT composite. (a) Stress-strain curves 
of the LCE-CNT composite film during uniaxial tensile tests with strain rates of 0.1/min and 
0.2/min (solid lines). The stress-strain relationship predicted by a Neo-Hookean model with the 
shear modulus of 1 MPa is represented by the dashed line. (b) Uniaxial thermal-contraction of a 
free standing LCE-CNT film on a hot surface at different temperatures. The thermal contraction 
strain εA is fitted with a fourth-order polynomial function of temperature change DT as shown with 
a dashed line. The temperature-dependent thermal contraction coefficient αA can be then obtained 
as: αA(DT)=εA/DT.  
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Figure 5.3: Fabrication process and light driven deformation of an LCE-CNT composite film. (a) 
To obtain a loosely crosslinked LCE-CNT composite film, we first fill pre-LCE solution 
containing CNT in a sandwiched glass cell, which is then left intact for 12 hours for the completion 
of the first-step crosslinking reaction of the polymer chains. We next apply a uniaxial stretch to 
the film and place it under UV irradiation (365 nm) to trigger the second-step crosslinking reaction. 
After UV irradiation for 40 mins, we can obtain an LCE-CNT composite film in monodomain state 
with macroscopically-aligned mesogens. (b) Light-induced reversible bending of the LCE-CNT 
composite film (Scale bar, 1 cm). (c) The bending angle of the LCE-CNT film as a function of 
time under the light irradiation with different light intensities, and the recovery of the film to the 
initially straight state after the light is turned off.  
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Figure 5.4: Multimodal locomotion of the soft robot powered by light. (a) The soft robot is 
composed of an arch shape LCE-CNT composite sheet, together with two small magnets attached 
to the ends. A wall, a channel and a step are placed on the proceeding path of the soft robot. (b) 
When a light bulb is placed around 2 cm above the soft robot with light intensity of 1.57 Wcm-2 
and scanned over it from one end to the other in 10 s, the soft robot can crawl forward. (c) To jump 
over a wall, the soft robot first deforms to a closed loop that is held by the magnetic force through 
light irradiation on its inner surface, then gradually stores elastic energy with light irradiation (1.57 
Wcm-2) around 2 cm away from its outer surface for 20 s, and finally releases the stored energy in 
a short time. After landing on the ground, the soft robot can almost fully recover to its initial 
configuration. (d) By applying a cyclic light scanning, the robot can deform significantly to reduce 
its height and enables itself to pass through a small channel. (e) Since the deformation involved in 
the previous crawling, jumping and squeezing of the soft robot is elastic, the robot can jump again 
and land on a step above the ground. (Scale bars, 2 cm) 
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Figure 5.5: Fabrication process of the soft robot. A loosely crosslinked LCE-CNT film is stretched, 
wrapped around a cylindrical glass rod and subject to UV irradiation. After UV irradiation for 40 
mins, the LCE film is fixed to an arch shape and mesogens inside the LCE are well aligned. We 
then attach two small magnets to the two ends of the LCE film to make the soft robot.  
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Figure 5.6: Schematics of light-powered crawling of the soft robot. (a) In the initial state, the 
gravity of the soft robot is balanced by the two supporting forces on its two ends (N1 and N2) of 
the same magnitude. (b) With the light irradiation, the soft robot deforms to an asymmetric shape, 
resulting in two unequal supporting forces: N1 and N2 (N1 >N2), as well as two horizontal reactive 
forces: f. When the horizontal force exceeds the maximal static friction of the right end, namely f 
> μf N2, it slides to the right. (c) As the light is moved to the left of the robot, the supporting force 
is smaller on the left end (N1 <N2), leading to its sliding. (d) The soft robot almost completely 
recovers to its initial shape after the light is off.  
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Chapter 6 Conclusion 
  

 
 Soft actuators have attracted emerging research interests in recent years because of their 

salient features such as simpler structure for converting external energy into mechanical energy, 

larger degree of freedom, generally low production cost, and human compatibility compared to 

conventional rigid actuators. Another advantage of soft actuators is capability of tetherless 

structure without any rigid energy supplier on it since the material consisting itself can directly 

convert incoming energy sources such as heat or light into mechanical energy. Among different 

types of soft actuating materials, LCE is one of the most promising material due to their high 

anisotropy which can trigger thermally or optically induced large macroscopic deformation by 

manipulation of molecular level orientation.  

We firstly show the patterning programming on LCE with simple strain engineering 

technique. Programmable soft materials and structures have been intensively studied recent years. 

But, usually the patterning process is complicated and requires sophisticated instruments. 

Compared to other patterning method, our strain engineering technique is facile and effective to 

program pattern LC molecules in a LCE. We can realize the radially patterned LCE with different 

active deformation modes when subjected to different external stimuli. By applying uniaxial strain 

on partially crosslinked LCE manually followed by UV curing process without any special setup, 

the radial pattern on LCE can be achieved. As a result, the radially patterned LCE shows fully 

reversible undulated deformation when subjected to heat which is induced by constrained 

expansion of LCE in hoop direction. In addition, larger undulated deformation can be obtained on 

radially patterned LCE when it is submerged in a solvent as the migration of solvent molecules 

into LCE network induces anisotropic swelling in radial and hoop direction. We only showed 
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simple radial patterning on LCE in this study, but more complex patterning is expected to be 

programmed using strain engineering technique by applying inhomogeneous strain in different 

ways. 

Using the strain engineering technique, we next prepared light-induced multi-directional 

bending LCE-CNT rod. In this study, we incorporated CNT in the pre-LCE solution to get LCE-

CNT composite material which endows photosensitivity on LCE matrix by the photothermal effect 

of CNT. The LCE-CNT rod is prepared in a tube shape mold followed by applying uniaxial strain 

under the UV curing to get fully programmed monodomain LCE-CNT rod. The LCE-CNT rod is 

aligned along its longitudinal direction, so it can bend concave toward light due to the strain 

gradient along its thickness. LCE-CNT rod exhibits fully reversible heliotropic deformation under 

the visible light different from conventional bending deformation reported from other LCE 

actuators. Therefore, we can tune the bending direction of the LCE-CNT rod intentionally tuned 

with the alteration of the position of light. In addition to the bending deformation induced by light, 

LCE-CNT rod shows localized and amplified bending deformation under the nIR laser irradiation, 

which may make it possible to control the bending behavior of LCE-CNT rod more precisely. We 

also show the soft gripper demonstration with manipulating function using LCE-CNT rod 

connected with arch shape LCE-CNT structure which can be fully driven by the light. The optically 

driven soft gripper demonstrated in study can perform the full operational function of gripping, 

moving, and releasing different from previous light-induced soft grippers which are limited to only 

gripping and releasing function.  

Next, by using a same LCE or LCE-CNT rod structure, we show a discovery of unusual 

autonomous rolling phenomenon with an extremely simple setup. Our observation is that the LCE 

rod can roll while keeping their curved shape continuously on a flat hot surface with 
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homogeneously elevated temperature or under the homogeneous light illumination using a CNT 

incorporated LCE rod. The key reason for the unusual rolling is a combination of thermally driven 

active deformation and the heat transfer between LCE rod and surroundings. When LCE rod is 

subjected to heat either by direct heating or photothermal effect, the bending deformation triggers 

deviation of supporting force and gravity center of LCE rod which generates torque. Therefore, 

LCE rod can roll while generating new curvature every single moment, which may be regarded as 

LCE rod keep its curvature statically. We can confirm this by comparing the curvature direction 

of rolling LCE-CNT rod induced by heat or light, which show opposite curvature direction due to 

the opposite position of each external stimuli. In addition, we can control the rolling direction of 

thermally driven LCE-CNE rod by illuminating light from its moving direction to be reversed. We 

also show the demonstration of a light-powered weight-carrying vehicle and a thermally-powered 

conveyor using LCE-CNT rod as an active building block material. 

Diverse types of light-induced actuation modes have been reported so far using soft 

actuating materials, but their motions are usually limited in one function for each soft actuating 

structure. We demonstrate a soft robot that can crawl, squeeze, and jump prepared from 

photosensitive LCE-CNT composite structure. Inspired by the locomotion of inchworm and 

jumping of fly larva, we created soft robot in arch shape with magnets at each end. By scanning 

the light on the soft robot, we can induce crawling motion induced by the deformation traveling 

on the top surface of it. When we reduce the interval between two adjacent light scanning cycles, 

the soft robot can deform more significantly with its height reduced by 25% of its initial height, so 

it can pass a small channel while crawling by squeezing its body. In addition to the crawling motion, 

the soft robot can perform jumping motion. We adopted a power-amplifying mechanism to achieve 

jumping motion by fixing each end of soft robot with magnetic force to make the soft robot in a 
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closed loop shape followed by light illumination on its outer surface. The strain energy can be 

stored under the continuous light irradiation on soft robot can be released in a very short time once 

the accumulated energy becomes large enough to open the closed structure constrained by 

magnetic force. As a result, the soft robot can jump by the amplified power as far as 4 times of its 

initial height. The light-induced crawling, squeezing, and jumping motion of soft robot is fully 

reversible, so it can proceed path with obstacles with different motions driven by light only.  

Soft actuation is an attractive research area due to its intrinsic advantages over traditional 

actuators based on rigid materials. Although there have been notable developments in soft 

actuation last decades, it is still challenging to apply soft actuation in practical purposes. I wish 

this dissertation can contribute a small, but meaningful vision for the research and development of 

wirelessly controllable soft actuators, and their successful use for real world applications. 

  
 
 




