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Presentation letter 

Dynamic topographies are inspired from unique surface patterns of living 

creatures. It can be achieved in many ways. The method explored here is using liquid 

crystal (LC) network. Surface deformation could be formed based on the order 

parameter related expansion/contraction stresses of LC networks. For uniaxial LC 

network, when it is attached to a rigid substrate, the in-plane contraction is restricted 

by the substrate, and the volume increase manifests as the deformation of the surface. 

Due to the elastic property of the LC network, the deformation is reversible, which 

makes the LC network a switchable system.  

The LC network is normally fabricated on a rigid substrate where the density 

reduction dominates the surface deformation. In this project, the rigid substrate is 

replaced by a soft one. Under this circumstance, the in-plane deformation is less 

restricted by the substrate. With as consequence that next to the density reduction 

also the order parameter related expansion/contraction mechanisms will become 

more dominant. Moreover, the surface also deforms and contributes to the surface 

topography. All of the changes lead to a larger deformation. 

We use two kinds of materials as soft substrates, a polydimethyl siloxane (PDMS) 

elastomer and an acrylate based elastomer. For the acrylate substrate, we successfully 

combine the LC network and the substrate, however, the surface deformation is 

smaller than that on the rigid substrate. Moreover, the substrate is not uniform, which 

may be due to the incomplete-cured procedure. For the PDMS substrate, we 

successfully combine the LC network and the substrate. The largest modulation 

reached 11.49%, which is a significantly increase compared to the modulation of the 

same LC network on a rigid substrate. 
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1. Introduction 

1.1 Functional surface topographies 

Topographic patterns with unique functions have attracted much interest for both 

fundamental research and practical applications. It is inspired by the unique surface 

topographies of the living creatures. On lotus leaf the droplets are in spherical shapes. 

This phenomenon is due to the super-hydrophobic effect of the leaves and very related 

to the micro and nano structures on the leaf surfaces.1 SEM images show papillae with 

diameters ranging from 5 to 9μm on the leaf surface (Fig. 1 a,b). There are branch-like 

nanostructures on papilla surface (Fig. 1 b). With this patterned surface, the contact 

angle (CA) of lotus leaf can reach up to 161.0⁰. According to the observations, a lotus-

like densely packed aligned carbon nanotube (ACNT) film was prepared and the CA of 

the film is about 166⁰.2 

 

Figure 1  Super‐hydrophobic surfaces of lotus leaf and ACNT film. a. SEM image 

of the surface of a lotus leaf in large-area；b.Enlarged SEM view of a single papilla on 

lotus leaf; c. SEM image of the lotus-like ACNT film. d. Enlarged view of a single papilla 

from the ACNT film.2 

On the basis of the observation described above, super-hydrophobic surfaces 

have been prepared in various ways. In 2002, Akira Fujishima reported transparent 

super-hydrophobic coating utilized by a sublimation material and subsequent coating 
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of (fluoroalkyl) silane with TiO2 as photocatalyst,1 which has been applied for 

antifogging and self-cleaning coatings. It is worth mentioned that super-hydrophobic 

surface can also be achieved via polymers. In 2002, Lin fabricated aligned 

polyacrylonitrile (PAN) nanofibers and got surfaces similar to that of the lotus leaf. As 

showed in Fig.1 c and d, the needle–like structure contributes to the surper-

hydrophobicity of the surface. As a result, the value of CA on the surface can reach up 

to 173.8⁰.2 

Another example is gecko’s feet. Geckos are famous for their ability of climbing 

on smooth vertical surfaces. This ability comes from the micro and nano structures on 

gecko’s feet. Fig. 2 shows part of the foot in SEM view. Thousands of setae produce 

adhesive force with approximately 20μN force each.3 

 

Figure 2  SEM images of gecko seta and force analysis a. Force diagram of gecko; 

b-d. SEMs of micro and nano structures on gecko’s foot; c. A single seta; d. Nest 

terminal branches of a seta; e. Single seta attached to a micro-electromechanical 

system (MEMS). f. Single seta attached to an aluminum bonding wire for force 

measuring during detachment perpendicular to the surface. 3 

It is interesting to mimick gecko’s feet. In 2003, A.K.GEIM in University of 

Manchester has successfully microfabricated polyimide hairs which has comparable 

adhesive ability to gecko setae.4,5 In the same year, Metin Sitti of Carnegie Mellon 
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University used nanomolding fabrication techniques to mold templates made of 

silicone rubber, polyimide, etc. These preliminary micro/ nano-hair prototypes shows 

adhesion close to the 100nN each. 

Surface topographies are useful for a wide range of applications, including 

sensors6, microfluidic devices7, responsive coatings, smart adhesives and micro-lens 

arrays8. It can be achieved in many ways, such as surface wrinkling and bucking.9,10,11,12 

Now scientists make a step forward, start to focus on dynamic surface topographies. 

It means surface topography could transform from flat to pre-designed pattern when 

applying certain stimulation. The transformation accompanies with change of surface 

properties such as friction, sticking-release, light reflection, hydrophilicity-

hydrophobicity, etc. This means that the unique topography could be switch on and 

off upon applying external triggers, which would increase efficiency, more easily 

control the devices and enable new applications.  

 

1.2 Fabrication of surface topographies 

Surface topographies can be prepared via polymeric systems that form patterns 

with controlled size, order, morphology, and complexity. Soft materials such as 

elastomers and hydrogels can undergo large volumetric deformation and form surface 

patterns in stimuli-response due to their low elastic moduli. The pattern could be 

induced by changing temperature, pH value, humidity or applying mechanical forces, 

electric field, etc.13  

One example is silicon elastomer PDMS. For this material, swelling/shrinkage can 

be induced by solution imbibing/release. Based on this principle, Edwin P. Chan 

fabricated micro-lens arrays by surface wrinkling in 2006 (Fig. 3).14 They use selective 

ultraviolet/ozone (UVO) oxidation of a crosslinked polydimethylsiloxane (PDMS) film 

to transform specific regions of the PDMS surface. Acrylate monomer is used to swell 

the PDMS surface, and the surface wrinkles occurs only in the oxidized PDMS regions. 

And the wrinkle patterns disappeared upon evaporation of the acrylate swelling agent. 
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Figure 3  Fabricating Microlens Arrays by Surface Wrinkling. a. Optical profile of 

the microlens structures on a polydimethylsiloxane (PDMS) hemisphere; b. Magnified 

optical profile of microlens surface; c. Surface profile of a single microlens measured 

by a stylus profiler. 14 

Hydrogel can also imbibe solution and swell.15 The swelling behavior is affected 

by mechanical force, pH, solution, temperature, light, electric field, etc. 16 , 17  The 

surface deformation is determined by the competition between osmotic pressure of 

the gel and the compressive stress from the substrate. The top layer of the hydrogel is 

free to expand. While the bottom hydrogel is fixed on the rigid substrate, thus the 

anisotropic osmotic pressure is along the thickness, and the deformation is formed 

along thickness. 

Based on the swelling of constrained hydrogels, Murat Guvendiren used 

poly(hydroxyethyl methacrylate) (PHEMA) and ethylene glycol dimethacrylate 

(EGDMA) to prepare a swelling-induced surface patterns in hydrogels in 2009. (Fig. 4)18 

The modulus gradient is controlled by the concentration of EGDMA which serves as 

the cross-linker, and the characteristic size of the patterns is determined by the initial 

film thickness. With an increase in EGDMA concentration (Fig. 4 a), the patterns are 
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confined within the trace of the water droplet, and remained stable upon water 

evaporation (Fig. 4 a). 

 

Figure 4  Swelling-Induced Surface Patterns in Hydrogels with Gradient 

Crosslinking Density. a. Optical images of patterns on the surfaces of DI-water-swollen 

PHEMA films. b. Schematic illustration of the wave pattern formation. For each wave 

there are three wave vectors. When the vector has equal magnitude, a hexagonal 

pattern is obtained (showed on the right). 18 

In the two examples showed above, solutions are required when forming surface 

pattern. Besides, surface topographies could also be prepared via LC networks. This 

system is based on the dimensional changes that lead to a modulus variation, which 

forms patterns on the surfaces when the film is on a compliant substrate. The surface 

deformation can be induced by light and is revisable due to the elasticity of the LC 

network.  

1.3 Formation of surface topographies in liquid crystal 

networks 

Recently Liu et al published the formation of surface topographies in liquid crystal 

networks by means of light.19,20,21,22 Liquid crystal (LC) network coatings are formed 
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by photopolymerizing acrylate functionalized liquid crystals in their aligned state. 

 The various LC phases provide diversity in the choice of the type of the molecule 

order, and all the properties could be fixed by adjusting the composition.23 For 

example, RM82 and A3MA are monomers with two active end groups (Fig 5a), in the 

presence of photoiniator, UV light activates the polymerization reaction and fabricates 

a LC network in several minutes. In addition, selective polymerization is possible via 

photomasks. 

 

Figure 5 Schematic representation of fixing the configuration via 

photopolymerization. a. LC with reactive end groups; b. Aligned uniaxial LC monomer 

is polymerized by UV light to freeze the molecule order.  

The LC network showed in Fig.5b is an azobenzene-functionalized LC network. 

There are two kinds of monomers used in the network, the orange one is an 

azobenzene-containing monomer, of which the isomerization changes the degree of 

order of the network. The isomerization of azobenzene is showed in Fig 6, the 

molecule convert from the trans form (left) to the cis form (right) when illuminating to 

UV light. And visible blue light with wavelength more than 400nm can be used to bring 

the molecule back to the trans form.24,25 

 

Figure 6.  Photoisomerization of azobenzene switched from trans state ( left) to 
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Cis state (right). 

In a uniaxial oriented film a change of molecule order degree results in local 

expansion stresses perpendicular to the orientation of the molecules and contraction 

stresses parallel to that. The principle is schematically shown in Figure 7. In free 

standing films these stresses lead to the bending when the light is switched on and a 

reversible de-bending when the light is switched off. However, when liquid crystal 

network films were firmly adhered to a solid glass substrate, the bending and in-plane 

deformation is restricted by the substrate. Liu et al showed that the order parameter 

related expansion/contraction phenomena also accompanies with remarkably density 

changes.26 The apparent formation of free-volume results in a reduction of density 

which can be as large as 10% explaining the formation of large protrusions. The density 

decrease is stimulated by an oscillating for- and backward isomerization reaction of 

the liquid crystal network.  

 

Figure 7.  Schematic diagram of surface deformation in rigid substrate system, 

the in-plane contraction is restricted by the substrate. 

There are number of examples to create the surface topographies by using similar 

principles. The first example is a coating consising of alternating chiral-nematic and 

isotropic stripes (Fig. 8).26 This sample was prepared by polymerizing azobenzene 

modified chiral nematic (cholesteric) LC molecules through a photomask (Fig. 8d). In a 

chiral-nematic network the liquid crystal molecular units are organized in a helix with 

the helix axes perpendicular to the substrate. In this configuration 

expansion/contraction stresses in the plane of the film average each other out. The UV 

exposure leads to an expansion perpendicular to the substrate of cholesteric LC 
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networks, but the isotropic LC networks maintain the initial state. Thus a surface 

pattern could be switch on/off by starting/stopping UV exposure. 

 

Figure 8.  A LC coating consisting of alternating chiral-nematic and isotropic 

stripes. Interference microscopy 3D images of the coating a. before and b. after UV 

exposure; c. Height difference of the surface before (blue), during (red) and after 

(green) UV exposure; d. Schematic diagram of the coating.26 

In another example, the film is a combination of the cholesteric and homeotropic 

oriented liquid crystal units (Fig. 9).21 Upon exposure, the hometropic LC contracts 

perpendicular to the plane of the film and expands parallel to it. Simultaneously, the 

cholesteric LCs expands perpendicular to the plane. The deformation finally manifests 

as the pattern on the surface.  
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Figure 9  Patterned chiral nematic–homeotropic film. a. Liquid-crystal network 

contains striped patterns of alternating areas with chiral nematic order and 

homeotropic orientation; b. 3D images of surface topologies at the original state (left) 

and illuminating with UV light (right).21 

Other surface patterns such as 3D fingerprints could also bases on chrial-nematic 

polymer network coating. The molecules helix of the coating is oriented parallel to the 

substrate (Fig. 10a).20 Through self-assembly, the flat coating surface forms a 

“fingerprint”. The cholesteric LCs form protrusions where the alignment is parallel to 

the surface, and withdraws where the orientation is perpendicular. The bright regions 

correspond to planar and black areas to homeotropic orientation (Fig. 10b). The 

“fingerprints” forms very rapidly and reversibly. The surface roughness changes before 

and after the process. And the height difference here is about 0.6μm, which is about 

24% of initial state. This coating could be used on robot fingers for gripping and 

releasing objects. 
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Figure 9  Representation of cholesteric liquid-crystal networks forming 

“fingerprint” pattern. a. Schematic representation of LC configuration and the 

dynamics of the fingerprints; b. Polarized optical microscopy images of a fingerprint 

texture as observed between crossed polarizers; c and d. 3D image of the initial flat 

state and surface topographies under UV exposure.20 

 

Surface roughness could also be changed in another way (Fig. 11).19 The film is a 

self-organized polydomain LC coating. It is also initially flat but create a spiked surface 

structure upon light exposure. This switchable change is induced by UV light, the azo- 

contain LC molecules will change the arrangement and pack within each domain. The 

surfaces topographies could back to flat in 10s without light. In this process, the 

surface roughness could be adjust by changing the domain size. 
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Figure 11.  Reverse switching of surface roughness in a self-organized 

polydomain liquid crystal coating. a) Predicted activated 3D surface with domain size 

of 5μm; b) 3D image of the surface changing from initial flat state (left) to a larger 

roughness state (right).19 

2. Objective of the project 

Dynamic surface topographies can be used in many applications. One of the 

targets is haptic touch screens, which means feeling the touch on touch screens. This 

kind of screen could be realized by forming large surface deformations when people 

touch the screen.27 And surface deformation could be formed based on the order 

parameter related expansion/contraction stresses of LC networks. However, normally 

the network is fabricated on a rigid substrate, which hinders the geometric change of 

LC monomers. Thus the density reduction appeared to be the dominant mechanism in 

the films strongly adhering to the solid substrate. 

The objective of this project is to explore whether a configuration can be founded 

where both mechanisms can work together thus leading to a larger deformation. This 

means that the density based processes are further stimulated by the order parameter 

related geometrical effects of expansion and contraction. Taking into account that the 

latter effect is restricted by a solid substrate it is the idea that a soft, elastomeric 

substrate might comply to the built-up stresses with an increased deformation (Fig. 

11). Furthermore, the substrate deformation also contributes to the surface 

deformation. When UV light irradiate on the film, there’s upward expansion and in-

plane contraction. Because the film is bonded to the soft substrate, so the substrate is 

under compressive forces (provided by the film contraction). Thus the substrate also 
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deforms. All these deformations may towards a larger surface deformation. 

 

Figure 12.  Schematic diagram of surface deformation on a soft substrate. A 

uniaxial LC film is bonded to a compliant soft substrate, which in turn is bonded to a 

rigid support. The geometric change is less restricted by the substrate. Soft substrate 

deforms under compressive forces provided by the film. 
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3. Experiment 

3.1 Materials 3.1 Materials   

3.1.1 LC mixture composition3.1.1 LC mixture composition  

An overview of the materials for LC network is provided in Fig. 13. All the 

monomers have good processing properties in the monomeric state and good 

mechanical properties in the polymeric state. The glass transition temperature is 

above room temperature. 

 

Figure 13.  Materials for photosensitive uniaxial compositions. 1-3. liquid crystal 

monomers; 4. photoinitiator; 5. azobenzene-containing monomer; 6. p-

Methoxyphenol, served as the inhibitor to create permanent deformation; 7. Chiral 

dopant. 
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For uniaxial LC network, the weight percentages of the molecules 1 to 6 are 20%, 

44%, 30%, 2%, 2% 2%, respectively. Molecule 1 is a diacrylate LC monomer, which also 

served as the crosslinker. Molecule 2 and 3 are acrylate LC monomers. Molecule 4 is 

an azobenzene-containing monomer, which induces deformation when exposed to UV 

light. Molecule 5 is a photo initiator to start the polymerization. The absorption 

wavelength of the initiator is 380nm, at which the azobenzene molecular does not 

isomerize. Molecule 6, p-Methoxyphenol, known as chain stopper and free radical 

scavenger,28-29 is used as the inhibitor to create permanent deformation. When LC 

mixture is polymerized in presence of 2wt% p-Methoxyphenol, the chain length of the 

network is short. Thus azobenzene monomer has more time to rotate until it’s parallel 

to the substrate and could not tilt back again. So a permanent deformation can be 

formed.26 The LC mixture has already been proven that it is easy to process when 

fabricating the network, and can form large surface deformations on rigid substrates.21 

For cholesteric LC network, the weight percentage of molecule 1 to 7 are 19.3%, 

42.4%, 28.9%, 2.0%, 2.0%, 2.0% and 3.4%, respectively. Molecule 7 is chiral dopant. 

The LC monomers could form cholesteric configuration in presence of the chiral 

dopant.23 

3.1.2 Materials used for preparing soft substrates 

PDMS is one of the most widely and versatilely used silicon-based organic 

polymers. Due to its elasticity, low toxicity, high electrical resistance and flexible 

processing,30 PDMS is used as a soft substrate. Here we used Sylgard 184 Silicone 

Elastomer (PDMS elastomer) as substrate material. It consists of two parts: basement 

and curing agent. By mixing the two components, the silicone mixture gradually cures 

and finally becomes a colorless elastomer in 48 hours at 25℃.  

Acrylate polymer is other material used as the soft substrate. Different from 

PDMS, acrylate polymer is UV curable. The composition of the acrylate substrate is 

showed in Fig. 14. 
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Figure 14 Composition of the acrylate substrate. 1. 2-Ethylhexyl acrylate; 2 

Tri(propylene glycol) diacrylate; 3. 2,2-Dimethoxy-2-phenylacetophenone 

The acrylate substrate mixture contains 94%wt 2-Ethylhexyl acrylate (2-EHA), 

5%wt Tri(propylene glycol) diacrylate and 1%wt 2,2-Dimethoxy-2-

phenylacetophenone. Molecule 2 is used as the cross-linker. And composition 3 is the 

photoinitiator, of which the absorption wavelength is 340nm. The glass transition 

temperature of 2-EHA is -50℃, thus the acrylate polymer substrate is soft and elastic 

at room temperature. 

3.2 Sample Preparation 

Two approaches were used to create a planar, uniaxial LC network. One is using a 

cell containing rubbed polyimide or rubbed Polyvinyl alcohol (PVA), another is spin-

coating the LC mixture on an alignment layer. For the former approach, the cell is filled 

with the monomer mixtures by capillary suction. LC mixture was heated up to isotropic 

state for better filling in the cell, and then cooled down to nematic state when the LC 

molecules present uniaxial configuration. UV light is used to fix the configuration. For 

spin-coating, LC mixture was first dissolved in THF (tetrahydrofuran) (20% wt), then 

directly spin-coated on a oriented substrate in 1500/rpm for 30s (The accelerate speed 

was 500rpm/s). The mixture is also UV-photopolymerized at nematic state. For the LC 

mixture used here, the glass transition temperature is passed, thus the fixed network 

obstruct the moving of unreacted groups. Therefore, post-curing at 120℃ is needed 

to completely polymerize the remained LC monomers. 
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3.3 Sample characterization 

The formation of patterned surfaces is showed in Fig. 15. Photomasks is used to 

selectively create deformation. Under a photomask, only part of the light passed 

through the mask and induced isomerization of azobenzene, which decreases the 

order of the LC networks and finally manifests as surface deformation. The 

deformation and film thickness was measured by interferometer. 

 

Figure 15.  Schematic diagram of an uniaxial LC network deform on the substrate. 

LC networks deform when illuminating to UV light. That deformation at the substrate 

manifests itself as the surface topography.  

The deformation degree is defined as surface height difference divided by the 

thickness of the film: Modulation%=
Height difference

Film thickness
∗100%       

For creating easily deformation, the film was heated to 85℃ during one-hour 

irradiation, which is above glass transition temperature of the LC network. At this 

temperature, the network is softer and easier to deform. 
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4. Result and discussion 

4.1 PDMS substrate 

Surface topography could be realized by a composite coating supported by a rigid 

substrate. The composite coating consists two layers: PDMS and uniaxial LC network 

on top of it. Two procedures were used to prepare the composite coating. First is 

coating the LC layer on a cured PDMS that supported by a rigid substrate. Second is 

making an aligned LC network film that adhere to a rigid substrate with PDMS layer in 

between.  

For the first procedure, before coating the PDMS surface should be modified to 

align LC molecules. There are two methods, one is creating a PDMS surface with 

nanogrooves by replicating rubbed PI, then using UV/ozone or Oxygen Plasma 

treatment to improve the wettability. Another is firstly improving wettability then 

coating polyimide on top of PDMS and rubbing the polyimide layer. 

4.1.1 UV/ozone treated PDMS substrates 

It has been known that during the UV/ozone treatment the PDMS surface are 

oxidized, which increases the polarity of the surface and decreases the surface energy. 

This treatment effectively increase the wetting ability of PDMS.31  

PDMS was prepared by curing basement/agent blend (10/1, by weight) against 

rubbed polyimide, and then the substrate surfaces are treated with UV/ozone for 

20min, 30min, 40min, 50min and 60min, respectively. Treatment effect are various for 

different treating time. After spin-coating LC mixture and polymerization, the samples 

are observed under two crossed polarizers to check the orientation (Fig. 16). 
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Figure 16.  PDMS is directly coated with LC mixture. The treating time of the 

samples from a to f are 20min, 30min, 40min, 40min, 50min, 60min, respectively. 

The PDMS substrates are partly coated with LC network, which indicate that the 

surface is dewetting. Moreover, these samples shows no orientation. Maybe because 

the UV/ozone treatment is not strong enough to change the polarity of the surface 

groups.  

4.1.2 Oxygen Plasma surface treatment 

Compared with UV/ozone, Oxygen Plasma treatment is stronger due to the 

exsiting of high kinetic energy particles. It is reported that the repeated units –O-

Si(CH3)2- developed silanol groups (-OH), which replaces groups (-CH3) when exposing 

to oxygen plasma. Because of the polarity of the silanol groups, the exposed surface 

will be hydrophilic 32 . Oxygen plasma modification has a very short lifetime. 

Hydrophobicity recoves within hours due to migration of short uncrosslinked PDMS 

chains to the surface. 33  So every sample should be prepared within hours after 

Oxygen Plasma treatment. 

Similarly, the PDMS substrates were first cured against rubbed polyimide to 

replicate orientation, and then the substrate surfaces are treated with Oxygen Plasma 

under 50W for 0s, 15s, 30s, 45s, 60s, 75s, 90s, 105s, and 120s, respectively. After spin-
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coating LC mixture and photopolymerization, the samples are observed under two 

crossed polarizers. (Fig. 17) 

 

Figure 17.  Oxygen Plasma treated PDMS surfaces. a-j. Samples are treated with 

Oxygen Plasma under 50W for 0s, 15s, 30s, 45s, 60s, 75s, 90s, 105s, and 120s, 

respectively. 

The results show that, compared with none treated sample (Fig. 17 a), the wetting 

of samples treated for 15s, 30s, 45s and 60s remarkably increased (Fig. 17b-e). 

However, when treated longer than 60s, the wetting decreased (Fig. 17f-j). For samples 

treated for 60s, the wetting of sample treated under 80W is worse than under 50W 

(Fig. 18). It indicates that too strong oxygen plasma treatment does not improve the 

wetting. 
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Figure 18.  Sample that treated with Oxygen Plasma for 60s under a) 50W power 

and b) 80W power. 

On the other hand, Sample treated with Oxygen Plasma for 45s under 50W shows 

no alignment (Fig. 19). This maybe the bad adhesion, but also could because of the 

high energy particles of Oxygen plasma destroy part of the surface, thus the 

orientation on substrate surface is destroyed. In conclusion, a LC network could not be 

fabricated by directly spin-coating LC mixture on PDMS substrate. 

 

Figure 19.  Sample that treated with Oxygen Plasma for 45s under 50W power 

shows no alignment. 

Directly coating the LC layer on PDMS substrate results in no alignment. Thus a 

rubbed polyimide layer is introduced to the PDMS substrate to align LC molecules. 

PDMS substrates are also Oxygen Plasma treated before coated polyimide.  
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Figure 20.  The LC network on the PDMS substrate coated with polyimide 

After LC monomer polymerization, likewise, the sample was observed under two 

crossed polarizers. Although better oriented, the LC network covers only half of the 

surface (Fig. 20). Thus a fine oriented LC network could not be fabricated on a modified 

PDMS substrate by spin-coating. 

4.1.3 Curing PDMS against LC film 

We developed a new method to combine a LC network with PDMS substrate. The 

procedure is to polymerize a perfect uniaxial LC film and cure PDMS against the film. 

Mass ratio of the basement plays an important role in the combination. Adhesion 

between film and PDMS increases when PDMS basement/agent blend ratio increases.  

The uniaxial LC film was made by filling a cell containing rubbed PVA (Polyvinyl 

Alcohol) alignment layers. When opening the cell, retain the film on one of the glass 

plates to get a flat surface after combination. PDMS was cured against the film at room 

temperature for 48h. Because PVA is soluble in water, the film and the glass plate can 

be separated by immersing the cell into water. When mixing the PDMS by standard 

mass ratio (Basement : Agent= 10 : 1), the film could not combine with the substrate. 

But when the mixing ratio is 20 : 1, film and PDMS were well combined. Because when 

the mixing increases, there’s not enough curing agent in the blend, thus the PDMS is 

incomplete-cured and the viscosity increases. In other words, the PDMS surface is 

more “sticky” with a larger mixing ratio. 
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Figure 21. Schematic diagram of LC network on PDMS substrate supported by a 

petri dish. 

The PDMS substrate is about 8mm thick and supported by a petri dish. The petri 

dish is served as the rigid container of the composite layer. (Fig. 21) Line mask is used 

to selectively create deformation. The alignment is parallel to the length. The width of 

the lines are 4μm, 10μm, 20μm, 50μm, 100μm, 200μm and 500μm, respectively. The 

height difference of the surface was measured by Interferometer. Deformations were 

measured by interferometer at 40μm, 100μm, 200μm, 400μm, 1000μm pitch (20μm, 

50μm, 100μm, 200μm, 500μm length), respectively.  

4.1.4 Deformation behavior 

On PDMS substrates, the topographies were measured by interferometer (Fig. 22). 

Compared to the deformation on the rigid substrate (Fig. 22a,b), the shape of the 

surface on the PDMS is more analogous to a sine wave (Fig. 22c,d), and that on rigid 

substrate is more like a rectangular wave. The unexposed area of PDMS substrate did 

not maintain flat but went down. This is because when UV light irradiate on the film, 

there was upward expansion and in-plane contraction (induced by geometric change). 

Because the film is bonded to the soft substrate, so the substrate was under 

compressive forces (provided by the film contraction) and deformed. Thus the sample 

shows that the geometric change is released from the substrate, and the substrate 

deformation contributes to the surface deformation. 
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Figure 22.  Surface deformation at 200μm pitch. a. and b. are interferometer 2D 

and 3D images of surface deformation on rigid substrate; c. and d. are 2D and 3D 

images of surface deformation on PDMS substrate. 

The deformation on PDMS substrate first increases as the pitch increases, and 

when it reaches a certain value the deformation does not change more (Fig. 23). The 

trend of modulation change on the PDMS substrate is similar to that on the rigid 

substrate, but significantly increased. The largest deformation on the PDMS substrate 

is 5.38% at 1000μm pitch, which is about three times of the largest deformation on 

the rigid substrate (1.64% at 400μm pitch). More detailed information could be 

obtained in appendix Table 1 and 2. 

.
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Figure 23.  Modulation changes with pitch on rigid substrate and PDMS substrate. 

The largest modulation on PDMS substrate is 5.38% at 1000μm pitch. The largest 

modulation on the rigid substrate is 1.64% at 400μm pitch. 

Together, the results show that the PDMS substrate significantly increased the 

largest surface deformation from 1.64% to 5.38%. It is a combinational effect of the 

free volume increase and geometric change in the LC network, and the substrate 

deformation. 

4.1.5 Deformation behavior with different angles. 

Surface deformation behavior could be different when the alignment of LC 

network is not parallel to the length. The different angles could be formed by changing 

the direction of the line mask. For the samples showed before, the alignment is parallel 

to the substrate (Fig. 24a). Based on the same LC network and same substrates, 

deformation also be created when alignment forms 45 degree and 90 degree with the 

length (Fig. 24b,c). 
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Figure. 24.  The alignment of the LC network forms a. 0 degree b. 45 degree and 

c. 90 degree angles with the length.  

When the LC network applied on rigid substrate, the largest deformation when 

the alignment and length are perpendicular is 3.13% at 400μm pitch, which is about 

three times of the largest deformation of parallel (1.64% at 400μm pitch) (Fig. 25). 

However, the deformation of the sample which forms 45 degree angle is smaller than 

the parallel one, except at 100μm and 200μm. The largest deformation of the 45 

degree angle sample is 1.71% at 200μm pitch, which is larger than the largest 

deformation of the parallel sample. One possible reason for the deformation decrease 

is counterbalance forces. The decrease also could be from experiment error. Detailed 

information is in appendix Table1,3 and 4. 
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Figure 25.  Modulation change on rigid substrates with pitch with different 

angles. The largest deformation of with 90 degree angle (perpendicular), 45 degree 

angle, and 0 degree (parallel) are 3.13%, 1.71%, 1.64%, respectively. 

Based on the deformation behavior with different angles on rigid substrates, a 

larger deformation may also be obtained on the PDMS substrate. Surface deformation 

also be created with 0 degree, 45 degree, and 90 degree angles on PDMS substrate. 

However, compared to on the rigid substrates, the deformation behavior is quite 

different (Fig. 26). The largest deformation of the perpendicular sample is 11.49% at 

200μm, more than twice of the largest deformation of a parallel sample (5.38% at 

1000μm). However, when the pitch is smaller than 100μm, the deformation of the 

perpendicular sample is not larger than the parallel one. It may be caused by light 

scattering. Besides, there’s no deformation observed in the 45 degree angle sample. 

More experiments should be done to explore the deformation behavior when the 

alignment forms 45 degree angle with the length. 
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Figure 26. Modulation change on PDMS substrates with pitch when the alignment 

forms different angles with the length. The largest deformation of with 90 degree 

angle (perpendicular), 45 degree angle, and 0 degree (parallel) are 11.49%, 0.00%, 

5.38%, respectively.  

For the perpendicular sample, surface deformation decreases when the pitch is 

larger than 200μm. The interferometer 2D and 3D images clearly shows that the 

surface is not flat (Fig. 27). It may be due to the swelling of the substrate during 

exposure. Because the composite layer is heated to 85℃ during exposure, and the 

UV light also increase the temperature of the composite layer. The unfairness may 

increase the distance between film and mask, thus the formation of surface 

topography may be affected. Detailed information is in appendix Table 2 and 5. 
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Figure 27.  Surface deformation on PDMS substrate when the alignment is 

perpendicular to the length. a. and b. Interferometer 2D and 3D images of the 

deformation at 400μm; c. and d. 2D and 3D images of the deformation at 1000μm. 

In conclude, PDMS substrate helps forming larger deformation. When the 

alignment parallel to the length, largest surface deformation is significantly increased 

from 1.64% to 5.38%. When the alignment perpendicular to the length, the largest 

surface deformation on PDMS substrate could reach 11.49%. Both film and substrate 

contribute to the surface topography. 

4.1.6 Deformation behavior of cholesteric LC film on the PDMS substrate 

Cholesteric LC network deforms with a different mechanism. The network 

expands along the pitch but does not contract perpendicular to the pitch. Thus the 

deformation of the cholesteric LC network is not much restricted when on a rigid 

substrate. If a cholesteric LC network is applied on a soft substrate, although the LC 

network may not expand more than on rigid substrate, the substrate deformation 

could also were contribute to the surface deformation.  

The cholesteric networks are applied on the same PDMS substrate, and surface 

topographies also created via the same line mask. Deformation on rigid substrate 

also be measured as control.  
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The deformation behavior of cholesteric LC network is different from uniaxial LC 

networks. The modulation first increases as the pitch gets larger, when reaching max 

value, the modulation decreases as pitch increase. The largest deformation on rigid 

substrate is 2.60% at 100μm pitch, and the largest deformation on PDMS substrate is 

26.42% at 200μm pitch (Fig. 28). Thus the largest deformation shift from 100μm 

pitch to 200μm pitch, and increases 916%. 

 

Figure 28.  Modulation changes with pitch on rigid and PDMS substrate. The 

largest deformation on rigid substrate is 2.60% at 100μm pitch, and the largest 

deformation on PDMS substrate is 26.42% at 200μm pitch.  

 Compared to the largest deformation on rigid substrate, the shape of the 

deformation one PDMS is more like sine wave, and the shape on rigid substrate is 

similar to a rectangular wave (Fig. 29). The unexposed area does not maintain flat but 

goes down, which indicates that the film stretches the substrate from unexposed 

area to exposed area. Thus substrate deformation contributes to the surface 

topography. This is the reason for larger deformation on PDMS substrate. 
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Figure 29.  Surface topographies of largest deformation on rigid and PDMS 

substrate. a. and b. are interferometer 2D and 3D images of 100μm pitch on rigid 

substrate; c. and d. Interferometer 2D and 3D images of 200μm pitch on PDMS 

substrate. 

Fig. 28 shows a followed rapidly decrease of modulation when the deformation 

on PDMS reaching max value. Compared to the deformation on rigid substrate, the 

decrease is steeper. The interferometer 2D images at 400μm pitch and 1000μm pitch 

show bifurcations in the pitches (Fig. 30), which indicate that the film stretches the 

substrate from two sides of the pitches, thus the substrate in the middle shears to 

both sides of the pitches, which leads to the bifurcations. Because the substrate 

deformation could not converge to the middle, therefore the surface deformation 

decreases sharply. 
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Figure 30.  Interferometer 2D images of deformation at a. 400μm pitch and b. 

1000μm pitch. 

In conclusion, when applying cholesteric LC network on PDMS substrate, the 

largest surface deformation could be increased significantly. However, deformation 

decreases at large pitches. 
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4.2 Acrylate Polymer substrate 

A composite coating supported by a rigid substrate was made to realize the 

surface topography. Different from PDMS, it is very difficult to create an acrylate 

polymer surface with nanogrooves by replicating rubbed polyimide. Thus a polyimide 

layer should be introduced to the acrylate polymer substrate to align the LCs. 

Therefore, the composite coating consists three layers: acrylate polymer, rubbed 

polyimide layer, and uniaxial LC network on top of it.  

A cell is used to fabricate acrylate polymer substrate, and the bottom glass is 

treated with Silane A174 to improve surface adhesion (Fig. 31).34 The acrylate polymer 

needs to be modified to improve wettability before coating polyimide layer. It could be 

realized by two steps. First incomplete-cure the acrylate polymer via low density UV 

exposure for 25min, then the substrate surface is treated with Oxygen Plasma (50W, 

30s). When the substrate is incomplete-cured, there are unreacted functional groups 

on the surface. Then during Oxygen Plasma treatment the functional groups are 

oxidized, which increases the polarity and wettability of the surface.  

 

Figure 31.  Process of fabricating an acrylate substrate. The bottom glass plate of 

the cell is treated with surfactant to increase adhesion. 
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After softly rubbed the polyimide layer, fabricate LC network on the acrylate 

substrate by spin-coating or filling a cell. 

4.2.1 Spin-coating process 

LC monomers were spin-coated on acrylate substrate at 1500/rpm for 30s (the 

accelerate speed is 500rpm/s) and polymerized via photopolymerization at nematic 

state. Sample was observed under crossed polarizers (Fig. 32). 

   

Figure 32.  LC network on acrylate polymer substrate by spin-coating. a. The 

orientation parallel to one of the polarizers; b. The orientation is 45 degree with the 

polarizers; c. magnified view of part of the sample in b. 

There are wrinkles and cracks on the surface. It is due to the solvent in LC mixture 

swells the substrate. The substrate consists of an acrylate polymer layer and a 

polyimide layer. Either of the layers may swell. Thus we spin-coated LC mixture on the 

acrylate layer without polyimide, and swelling did not occur. Thereto the swelling 

occurs in the polyimide layer. In order to avoid swelling, the solvent free LC mixture is 
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more appropriate. 

4.2.2 Filling cells process 

Cover a glass plate with rubbed PVA over the incomplete-cured acrylate substrate, 

then fill in the cell with LC mixture and polymerize it at nematic state. The LC network 

and the top glass could be separated by immersing the sample into water. 

Surface topography was created by illuminating the sample under a line mask 

with line widths varying from 4μm to 500μm (pitches varying from 8μm to 1000μm). 

Height differences were measured by interferometer (Fig. 33). Compared to 

deformation on rigid substrate (Fig. 33a,b), the topography on acrylate substrate is 

irregular (Fig. 33c,d). Bifurcations appear on the pitches and the unexposed area also 

deforms. It is very possible that the orientation of the LC network is not good and the 

substrate is not uniform. 

 

Figure 33.  Images of topographies on rigid and acrylate substrate. a. and b 

Interference microscopy 2D and 3D images of deformation on rigid substrate at 200μm; 

c. and d. Interference microscopy 2D and 3D images of deformation on acrylate 

substrate at 200μm. 

Increasing of height differences is observed as the pitch increases until reaches a 

certain value (Fig. 34). The trend of modulation change on the acrylate substrate is 



36 
 

similar to that on the rigid substrate. However, opposite to our expectation, the 

deformation on acrylate substrate is smaller than on rigid substrate. The largest 

deformation of the surface is 0.28% at 100μm pitch, and the largest deformation on 

rigid substrate is about 0.77% at 1000μm pitch. Besides orientation and substrate, the 

bad combination of network and substrate may also be the reason of smaller 

deformation. 

 

Figure 34.  Comparison of the deformation on rigid substrate and acrylate 

substrate. The largest deformation of the surface is 0.28% at 100μm pitch, and the 

largest deformation on rigid substrate is about 0.77% at 1000μm pitch. 

4.2.3 Surface wrinkling 

Very different deformation behavior is also observed in the experiment. The 

pitches do not always show a sinusoidal shape but like wrinkles (Fig. 35). In UV exposed 

area, the height difference of wrinkles are larger. And the wrinkles also appear in 

unexposed area. 
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Figure 35. Surface topographies on acrylate substrate measured by 

interferometer. a. 2D and b. 3D images of deformation at 1000μm pitch, the pitch 

consists of a serious secondary pitches. 

This phenomenon maybe due to the film thickness. Sample observed under two 

crossed polarizers show that only half of the substrate covered with LC network (Fig. 

36a), which indicates that the substrate is not flat. Part of the substrate expands thus 

the film thickness is thicker at edge area, and near to zero in the middle of the 

substrate (Fig. 36 b).  

 

Figure 36.  LC networks only cover half of the substrate. a. Sample; b. Schematic 

diagram of the sample.  

The surface topography at the edge is like regular peaks ( Fig. 37a,b). In the area 
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between the edge and the middle, wrinkles appears (Fig. 37c,d). In the area very near 

to the middle (the film is thin), finger print patterns appears (Fig. 37e,f). The wrinkles 

may indicate a competition between film and substrate. For stiff film on soft substrates, 

the film prefers a larger wavelength deformation while the substrate prefer a smaller 

wavelength deformation. The competition results in different patterns on the 

surface.35 

 

Figure 37. Interferometer 2D and 3D images of surface topographies a. & b. in 

edge area, c. & d. in the area between the edge and middle, e. & f. in the area near to 

the middle part of the substrate. 

Together, all the results show that the incomplete-cured acrylate polymer 

substrate is not uniform. It maybe because the use of low density UV light during 

curing process. Compared to PDMS substrate, the property of acrylate substrate is 

uncontrollable, thus both orientation and combination of the LC network could be 

unsatisfied. Moreover, the result are not reproduceble. The surface deformation also 

be smaller than that on rigid substrate. 
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4. Conclusion 

In our work, two materials, PDMS and acrylate polymer, are used as soft substrate. 

We successfully cured PDMS against a polymer LC film when the PDMS mix ratio is 

20:1, and created LC network on an incomplete-cured acrylate polymer coated with 

polyimide. 

PDMS substrate helps forming larger deformation. When the alignment parallel 

to the length, largest surface deformation is significantly increased from 1.64% to 

5.38%. When the alignment is perpendicular to the length, the largest surface 

deformation on PDMS substrate could reach 11.49%. Both film and substrate 

contribute to the surface topography. 

Acrylate polymer may not be a good soft substrate. The bad alignment and 

nonuniform substrate lead to a smaller deformation, which is 0.77%. And the curing 

process is not easy to be controlled.  



5. Appendix 

Table 1 

Sample: Uniaxial LC network on rigid substrate, the alignment is parallel to the length. 

Pitch/

μm 

2D2D  3D3D  
Height Height 

differencedifference//

nmnm  

Film Film 

thickness/thickness/

μμmm  

ModulationModulation

%%  

20 

 

 

75.1 25.0 0.30 



42 
 

40 

  

132.7 

 

25.0 0.53 

100 

  

268.5 

 

25.0 1.07 

 

200 

  

385.3 

 

25.0 1.54 
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400 

  

411.0 

 

25.0 1.64 

 

1000 

 

 

385.2 25.0 1.54 

 

 

Table 2 

Samples: Uniaxial LC network on PDMS substrate, the alignment is parallel to the length. 

Pitch/ 2D 3D 
Height Height 

difference/difference/

Film Film 

thicknessthickness

ModulationModulation

%%  
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μm 
nmnm  //μmμm  

20   0 15.0 0 

40 

  

30.7 15.0 0.20 

100 

 
 

160.3 15.0 1.07 
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200 

  

570.4 15.0 3.80 

400 

 
 

735.2 

 

22.3 3.30 
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1000 

  

1201.1 

 

22.3 5.38 

2000 

  

911.9 22.3 4.09 

 

 

Table 3 

Samples: Uniaxial LC network on rigid substrate, the alignment forms 45 degree angle with the length. 

Pitch/Pitch/μμmm  2D2D  3D3D  Height Height 

difference/difference/

nmnm  

Film Film 

thicknessthickness

//μμmm  

Modulation(Modulation(

%)%)  
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2020    0 15.9 0 

4040  

  

18.3 15.9 0.11 

100100  

  

221.2 15.9 1.39 
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200200  

 

 

272.4 15.9 1.71 

400400  

  

187.9 15.9 1.18 
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10001000  

  

104.1 15.9 0.65 

 

 

Table 4 

Samples: Uniaxial LC network on rigid substrate, the alignment perpendicular to the length 

Pitch/Pitch/μμmm  2D2D  3D3D  Height Height 

difference/difference/

nmnm  

Film Film 

Thickness/Thickness/

μμmm  

Modulation(Modulation(

%)%)  

20 

  

368 14.8 2.49 



50 
 

40 

 
 

316 14.8 2.14 

100 

 
 

358 14.8 2.42 



51 
 

200 

  

459 17.4 2.64 

400 

 
 

545 17.4 3.13 
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1000 

  
 

513 17.4 2.95 

2000 

  

537 17.4 3.09 

 

 

 

 

Table 5 

Samples: uniaxial LC network on PDMS substrate, the alignment is perpendicular to the length 
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Pitch/Pitch/μμmm  2D2D  3D3D  Height Height 

differencedifference

/nm/nm  

Film Film 

thicknessthickness

//μμmm  

ModulationModulation

(%)(%)  

2020    0 11.7 0 

4040    0 11.7 0 

100100  

 

 

89.6 

 

11.7 0.76 
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200200  

 

 

1264.3 11.0 11.49 

400400  

 

 

1073.3 11.0 9.76 



55 
 

10001000  

 

 

911.8 11.0 8.29 

 

 

Table 6 

Samples: Cholesteric LC network on PDMS substrate. 

Pitch/

μm 

2D 3D Height 

difference/

nm 

Film 

thickness/

μm 

Modulation 

(%) 

20   0  0 
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40 

  

23.9 12.0 0.20 

100 

  

712.9 12.0 5.94 

200 

  

3170.3 12.0 26.42 
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400 

 

 

393.4 12.0 3.28 

1000 

 
 

184.3 11.5 1.60 

 

 

Table 7 

Sample: Uniaxial LC network on acrylate polymer substrate, the alignment is parallel to the length. 

Pitch/ 2D 3D Height Height Film Film Modulation%Modulation%  
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μm differnce/nmdiffernce/nm  thickness/thickness/μμm m   

20 

 
 

52.8 15.1 0.35 

40 

  

69.7 

 

15.1 0.46 
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100 

 

 

42.7 

 

15.1 0.28 

200 

  

64.3 

 

15.1 0.43 

400 

 
 

115.9 

 

15.1 0.77 



60 
 

1000 

 

 

116.1 15.1 0.77 
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