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Chapter 1. Introduction 
 

 

Abstract 
Functional surfaces, especially those with functions originating from 

topographic features, have attracted extensive interest from scientists. 

Switchable surface topographies have been demonstrated to be useful in a 

wide range of applications. Among various materials, liquid crystal 

polymers present many advantages with anisotropic deformation in 

response to varied stimuli. In this chapter, previous studies on functional 

surfaces with switchable topographies are reviewed, especially those made 

of liquid crystal polymers. 

 



Introduction 

2 

 

1.1 General introduction 

In nature, surfaces with certain structures and textures have evolved for 

various purposes, with examples ranging from superhydrophobic lotus 

leaves with self-cleaning capability[1]
PPPPPPPPP to gecko pads with strong adhesion to 

support itself on the 4T4T4T4T4T4T4T4Tinverting wall.[2-3] Lotus leaves are with micrometer-

scale rough structures, contributing to the liquid-propelling and self-

cleaning ability (Figure 1.1a-d). The hierarchical hairy microstructures of 

gecko pads bring the pads to be in intimate contact with objects and make 

them firmly but adjustable adhere to surfaces (Figure 1.1e-h).4T4T4T4T4T4T4T4T  

 

Figure 1.1 | a-d) Images of a superhydrophobic lotus leaf (Nelumbo nucifera) 

with self-cleaning capability, and the surface topography at different 

magnifications. Reproduced with permission.[4] Copyright 2009, Elsevier. e-h) 

Digital photographs of a gecko and the surface structure of its footpads. 

Reproduced with permission.[5] Copyright 2012, The Royal Society of 

Chemistry (RSC). 

By mimicking nature and going beyond, scientists have devoted 

extensive efforts to developing functional responsive coatings with tunable 

surface topographies using various materials, including liquid crystalline 

polymers,[6-8] hydrogels,[9-11] silicones,[12] etc. Different stimuli, such as 

light,[13-15]  electricity[16-19] and heat[20] were employed to tune surface 

topographies of these functional coatings, leading to potential practical 

applications, such as lifting and movement of objects,[21-23] manipulation of 

liquid,[24-35] switchable surface friction,[6, 36-39] and smart windows[18, 40-45].  

For example, an object (microscale rod) can be rotated using the rotating 

fingerprint texture of low-molecular-weight liquid crystals doped with a 
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chiral molecular motor (Figure 1.2). By illuminating the sample with UV 

light of wavelength 365 nm, the molecular rotor is rotated, leading to the 

change of molecular chirality. The fingerprint texture and surface 

topography are thereby reorganized, leading to rotation of the object.  

 

Figure 1.2 | a) Structure of the chiral molecular motor. Bonds in bold point 

out of the page. b) Fingerprint texture of a liquid-crystal film doped with chiral 

molecular motor 1 (1% by weight). c) Glass rod rotating on the liquid crystal 

coating during irradiation with ultraviolet light. Frames 1–4 (from left) were 

taken at 15-s intervals and show clockwise rotations of 28° (frame 2), 141° 

(frame 3) and 226° (frame 4) of the rod relative to the position in frame 1. d) 

Surface topography of the liquid-crystal film (atomic force microscopy image, 

15 µm2). Reproduced with permission.[21] Copyright 2006, Springer Nature. 

Switchable surface topography can also be used to tune behaviors of 

liquid droplets on the surface. For instance, Aizenberg et al. developed a 

slippery liquid-infused porous surface (SLIPS) by infusing and overcoating 

a porous elastic membrane with perfluoro-lubricant (Figure 1.3a-b).[31] In 

the lubricant overcoated state, the liquid droplet (silicone oil) cannot be 

pinned on the surface. While using mechanical stretch to change the surface 

topography of the elastic porous membrane, a larger area of unfilled open 

pores appears on the coating surface and the surface becomes less slippery, 

pinning the droplet on the surface. Another example is altering the surface 

topography by mechanical compression. When the surface is modified with 

anisotropy, the liquid wetting and droplet sliding behaviors can be altered 

between isotropic/anisotropic states (Figure 1.3c-d).[29]  
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Figure 1.3 | a-b) The surface topographical deformation changes the sliding 

behavior of liquid droplets on the surface: a) the topography of a liquid film 

on an elastic porous substrate reconfigures in response to mechanical stretch. 

Initially, a thin layer of excess liquid (perfluoro-lubricant) overcoats the 

substrate and forms a flat interface. Under small tension, the film surface 

undulates. Under higher tension, the surface begins to retreat into the 

expanded pores. b) A silicone oil droplet changes from sliding to pinning on 

the surface under mechanical stretch as the film surface reconfigures from flat 

to rough. Reproduced with permission.[31] Copyright 2013, Springer Nature. c-

d) The liquid sliding anisotropy changes as the surface topography is modified 

by mechanical pressing: c) the surface microstructure changes between lotus‐

leaf‐like and rice-leaf-like shapes; d) anisotropic critical sliding angles are 

observed after the surface are mechanically compressed to form anisotropic 

microstructures. Both static and dynamic wetting behaviours of the surface 

can be reversibly switched between isotropic and anisotropic by tuning the 

surface microstructure. Reproduced with permission.[29] Copyright 2018, 

Wiley-VCH. 

Another research field that switchable surface topography can be applied 

in is the surfaces with switchable friction and adhesion. For example, when 

exposed to water, the micro-hook arrays made of hydrogels swell and the 

shape transforms (Figure 1.4). [39] In the swollen state, the micro-hook 

arrays are interlocked with each other and therefore, the adhesion between 

the interlocked micro-hook arrays is greatly enhanced. 
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Figure 1.4 | a) Conceptual illustration of the reversible interlocking of the 

polyethylene glycol dimethacrylate (PEGDMA) micro-hook arrays via the 

hydration-induced shape reconfiguration of the array for high adhesion under 

wet conditions. b) 3D confocal microscope images of the interlocked PEGDMA 

micro-hook arrays with a 25 μm pitch in dry and swollen states. In the dry 

state, the tips of micro-hook arrays only slightly overlapped; while in the 

swollen state, the overlapping area was subsequently increased. c) Shear and 

(d) normal interlocking adhesion strengths of the interlocked micro-hook 

arrays with four different pitches (25, 30, 35, and 40 μm) as functions of the 

swelling time. Dashed lines indicate the theoretical predictions of the adhesion 

strengths of the interlocked arrays. Reproduced with permission.[39] Copyright 

2017, American Chemical Society (ACS). 

Of various materials for tunable surface topography, liquid crystalline 

polymers are of particular interest due to their unique anisotropic 

deformation properties, and the possibility of programming alignments of 

liquid crystal polymers.  In the following sections, relevant basic concepts in 

the research field of liquid crystals will be introduced and previous 

literatures using the liquid crystalline polymers to develop stimuli-

responsive surface topographies will be reviewed and discussed.  

1.2 Liquid crystals networks  
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Liquid crystals are a kind of materials that show mesophase with aligning 

themselves at certain temperatures, which can exhibit nematic and smectic 

phases depending on their chemical structures. Back in the 1980s, Broer et 

al. developed the reactive liquid crystal mesogens by modifying the liquid 

crystal mesogens with acrylate reactive groups.[46] They demonstrated that 

the reactive liquid crystal mesogens can be photo-polymerized in the liquid 

crystal (LC) phase and the LC order can be frozen into the network with 

predesigned alignments from the monomeric state (Figure 1.5). 

 

Figure 1.5 | a) Illustration of crystalline, liquid crystalline, and isotropic 

phases of thermotropic liquid crystals. Reproduced with permission.[47] 

Copyright 2007, The Royal Society of Chemistry (RSC). b) Reactive liquid 

crystal mesogens and photo-initiated polymerization.  

1.3 Order parameter 

As aforementioned, the liquid crystal phase is a mesophase between the 

crystal phase and the liquid phase. For the uniaxial nematic LC phase, rod-

like LC molecules are aligned in a common direction called the director. 

Usually, LC molecules are not perfectly aligned along with the director. The 

angle θ between the LC molecular axis and the local director represents the 

order of LC molecules (Figure 1.6).  
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Figure 1.6 | Liquid crystals (nematic phase) align along the director. 

To make it quantitative, orientational order parameter S is defined with 

the equation: 
23cos ( ) 1

2
S

 −
=  

For a perfectly aligned crystal phase, S=1; while for an isotropic liquid 

phase, S=0; for a typical uniaxial nematic LC phase, 0<S<1. The order 

parameter of cross-linked liquid crystal network (LCN) with nematic 

alignment is usually in the range from 0.6 to 0.4.[46]  When low-molecular-

weight LC molecules transform from an LC phase to the crystal or liquid 

phase upon temperature change, the order parameter changes to 1 or 0, 

respectively.  

For the densely cross-linked LCN, however, the order parameter is only 

slightly reduced when stimulated by external stimuli, e.g., heat.[46] Back in 

1989, Broer et al. studied different behaviors of low-molecular-weight LC 

monomer 1 and the resulting LCN poly(1) at high temperatures (Figure 1.7). 

The order parameter and birefringence of LC molecule 1 gradually decrease 

when temperature increases within the nematic phase range. When the 

temperature reaches the TNI where the phase transition from the nematic to 

isotropic phase occurs, the order parameter abruptly goes down to 0 

(Figure 1.7a). In contrast, for the polymerized LCN poly(1), there is only a 

slight decrease in the birefringence (also order parameter) when heated up 

to 300℃.[46]  
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Figure 1.7 | a) Birefringence Δn and order parameter S of uniaxially oriented 

LC monomer 1 as a function of temperature. b) Birefringence Δn of the LCN 

poly(1) as a function of the temperature. Various samples polymerized at 

different temperatures were investigated. Reproduced with permission.[46] 

Copyright 1989, Wiley-VCH.  

1.4 Anisotropic deformation of LCN  

When the LC monomers are polymerized into the network, the alignment 

of LC monomers is frozen in the LCN. The order parameter of LCN will 

decrease and lead to anisotropic deformation when subjected to external 

stimuli. For a uniaxially aligned LCN, the network contracts along the 

director and expands in the perpendicular direction, as shown in Figure 1.8a. 

This mechanism of anisotropic deformation is often employed in developing 

stimuli-responsive free-standing LCN films with hybrid alignments. For 

instance, when the order parameter is reduced, a bending deformation 

occurs to the LCN film with splay alignment where LCs undergo a gradual 

orientational change through the thickness of the film, ranging from 

perpendicular to the film surface at one side to parallel at the other side.[26, 

48] When it comes to an LCN coating firmly attached to a rigid substrate 

acting, however, as the lateral deformation is prohibited, the deformation 

can only manifest as a topographical deformation, as illustrated in Figure 

1.8b, making it possible to develop responsive surface topographies with 

LCNs. 
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Figure 1.8 | a) Illustration of the anisotropic deformation of uniaxially 

aligned LCN. b) Schematic illustration of the deformation of coating adhered 

to a rigid glass substrate. As the lateral deformation is prohibited, the 

expansion escapes into a protruding from the surface. 

1.5 Free volume  

 

Figure 1.9 | Isomerization of azobenzene. 

The concept of free volume is known from polymer physics and occurs in 

an out-of-equilibrium condition when a polymer is cooled from its rubbery 

state to the glassy state at its glass transition (Tg). The lack of molecular 

mobility hinders the macromolecular chains to take their position in the 

unoccupied space. To the best of our knowledge, the concept of the free 

volume in relation to the isomerization of azobenzene modified acrylates 

was firstly used by Eisenbach in 1978, to explain the influence of polymer 

matrix on the isomerization kinetics of azobenzene derivatives (Figure 

1.9).[49] The kinetics of cis-trans isomerization was found to be largely 

influenced by the glassy/rubbery state of the polymer matrix where the 

azobenzene chromophore locates. It was proposed that extra space is 
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required for the isomerization of azobenzene groups to allow segmental 

movements of polymers and rearrangements in the conformation of 

polymer chains neighboring the azobenzene. This extra space is defined as 

the free volume which allows segmental motions and rotational crankshaft-

like motions of azo chromophores. Since then, further studies were 

performed to investigate the free volume in relation to photochemical 

processes.[50-53]  

Liu et al. have reported the density decrease of an azobenzene-

containing LCN film when it is subjected to UV light illumination in its glassy 

state.[54] The density measurements are shown in Figure 1.10. The 

azobenzene-containing film is immersed in the saltwater of a density of 

1.202 g/cm3, and it sinks to the bottom due to a larger density. When 

exposed to UV light, the film starts floating; when the UV light is switched 

off, the film sinks to the bottom again. The density of the film exposed to the 

UV light is measured to be 1.106 g/cm3 by using a series of salt solutions 

with different concentrations. Therefore there is a density reduction of 9.8% 

owing to the free volume generation upon UV exposure. 

 

Figure 1.10 | Density change of chiral nematic films containing azobenzene 

derivatives and Tinuvin 328, respectively. a) Before UV exposure, both the 

Tinuvin- and azobenzene-containing films are at the bottom of the flask. b) 

During UV exposure, the azobenzene-containing film floats and the Tinuvin 

film remains at the bottom. c–e) After removing of UV light, the azobenzene-

containing film starts sinking to its initial position at the bottom. The Tinuvin-

containing film remains at the bottom. Reproduced with permission.[54] 

Copyright 2012, American Chemical Society (ACS). 
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1.6 Light-induced surface topographical 

deformation 

 
Figure 1.11 | Schematic illustration of the topographical deformation of an 

LCN coating with alternatively aligned homeotropic/cholesteric alignments, 

and its 3D topographical images and 2D topography profiles before (green 

plot), during (red plot) and after (blue plot) UV illumination. Reproduced with 

permission.[7] Copyright 2012, Wiley-VCH. 

Besides heating, other stimuli can also be used to stimulate the 

topographical deformation of LCN coatings by reducing the order 

parameter of the LCN. For instance, by incorporating azobenzene groups, 

LCN coatings can be engineered UV sensitive. Azobenzene is a chemical 

group that isomerizes from the planar trans- form to the non-planar cis- 

form under UV light illumination (Figure 1.9), leading to a reduction of the 

molecular order parameter S of LCN and generation of extra free volume. As 

the LCN coating is constricted on the rigid glass substrate, the deformation 

would not happen in the lateral direction and only manifests as a 

deformation in the z-direction (thickness direction), as discussed earlier. 

Based on this mechanism, Liu et al. developed LCN coatings with 

alternatively aligned cholesteric/homeotropic orientations, as shown in 

Figure 1.11.[7] As the LCN becomes more disordered, planar orientations 

tend to expand while the homeotropic domains tend to shrink along the 

thickness direction owing to the anisotropic deformation behaviour of LCN. 

As a result, the parts of planar alignment protrude out and the homeotropic 
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areas become dented. Therefore, the initially flat surface turns into a 

corrugated state. 

 

Figure 1.12 | Surface topographical deformation triggered with UV light. LCN 

coatings with a) fingerprint configuration, Reproduced with permission.[6] 

Copyright 2014, Wiley-VCH.and b) polydomain configuration. i) Schematic 

illustration of the topographical deformation, ii) polarized optical 

microscopic image, iii) 3D images of topographical deformation, iv) 2D 

profiles of the topographical deformation. Reproduced with permission.[55] 

Copyright 2015, National Academy of Sciences. 

This deformation mechanism can be also applied to other LCN systems 

with multiple domains formed via self-assembly. For example, under the 

twisting force of the chiral dopant in the LC monomer mixture and the 

aligning force from the polyimide with alkyl tails, LC molecules adopt a 

fingerprint configuration with the helical axis parallel to the substrate, as 

shown in Figure 1.12a.[6] The homeotropic and planar orientations are 

aligned alternatively and the pitch is determined by the concentration of the 

chiral dopant. Under UV illumination and the trans-cis isomerization of 

azobenzene groups, the reduction of the order parameter induces the planar 

areas to expand and the homeotropic areas shrink in the thickness direction, 

causing the initially flat surface to be corrugated. Another method to 

prepare LCN coatings with multiple domains is to use the immiscible 

fluorinated dopant  3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-

henicosafluorododecyl acrylate. This dopant disrupts the long-range order 
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of LCs, and results in the formation of discrete domains with planar, 

homeotropic and tilted alignments (Figure 1.12b).[55] These domains show 

different deformation behaviors in response to the order parameter 

reduction: the planar domains expand, and the homeotropic domains shrink 

while the tilted domains show less deformation.    

1.7 Free volume generation in stimulated LCN 

coatings and oscillation-induced enhanced 

deformation effect 

When the azobenzene-containing LCN coatings are stimulated with UV 

light, not only order parameter reduction occurs in the system, but also 

more free volume is generated owing to the demand for space for the trans-

cis isomerization. With more free volume in the system, the density of LCN 

coatings is decreased.[54] A further study revealed that compared with the 

deformation stimulated with only UV light (365 nm),  a much more 

enhanced deformation is manifested with simultaneously applied UV light 

(365 nm) and blue light (455 nm), as shown in Figure 1.13.[56] The 

deformation amplitude reaches the maximum when the intensity of 455 nm 

light is around 20% of the 365 nm light. The enhancement of deformation 

amplitude is ascribed to the oscillatory trans-cis isomerization. With the 

existence of both 365 nm light and 455 nm light, the trans-cis and cis-trans 

isomerization processes push the network into an oscillation, generating 

much more temporal free volume. An important observation is that the 

oscillation frequency and net conversion of the azobenzene need to be tuned 

by the ratio of UV and blue light to maximize the deformation effect. The 

oscillation frequency must be high enough to reduce the re-occupation of 

the formed molecular-sized voids by relaxation of the polymer network.  
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Figure 1.13 | Measurements of the surface profile of a chiral-nematic thin 

coating during exposure to a) single 365 nm light, and b) simultaneous 365 

nm and 455 nm light. c) Surface profiles measured during one-wavelength 365 

nm exposure (red curve) and two-wavelength 365 nm + 455 nm exposure 

(black curve). d) Decrease in the density of LCN under the different 

illumination conditions when 365 nm LED light is blended with 455 nm LED 

light. Reproduced with permission.[56] Copyright 2015, Springer Nature. 

Except for light, AC electric field can also be used to induce the oscillation 

of liquid crystal networks. In a previous study, interdigitated electrodes 

were used to provide the alternating in-plane electric field above the 

substrate (Figure 1.14a, b).[16] The LC mesogens of net positive dielectric 

constant are coated on top of the substrate with homeotropic alignment, as 

shown in Figure 1.14c. It is observed that the coating surface above the 

electrode gaps turns into protrusions when the AC electric field is on. This 

is ascribed to the non-uniform electric field distribution above the substrate 

and different electric torque exerted on the liquid crystal networks in 

various regions. The polar LC mesogens experience the largest torque when 

the molecule is perpendicular to the electric field lines (Figure 1.14d), which 

is the case for the molecules in the electrode gaps. The mesogens experience 

the smallest torque when they are parallel to the electric field line which is 

the case above the electrodes. When the LC mesogens are activated and 

oscillate with the alternating electric field, more space/free volume in the 

local neighborhood is required. The larger electric torque and stronger 

coupling of LC mesogens with the electric field, the more free volume is 
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needed. Therefore, when the electric field is on, more free volume is 

generated above gaps between electrodes where the electric torque is the 

largest. LCN coatings thereby become protruding, as shown in Figure 1.14e,f.  

 

 

Figure 1.14 | a) Schematic illustration of the device configuration consisting 

of an interdigitated electrodes substrate and the LCN coating. b) A lateral 

electric field is coupled to the LCN polymer film by the interdigitated 

electrodes to induce the formation of protrusions. c) Chemical compositions of 

the liquid crystal mixture to form the LCN. d) Schematic representation of the 

LCN polymer. The orientation of the LC molecules perpendicular to the AC 

electric field provides the torque that induces the oscillatory stresses. e) 3D 

images of the LCN coating on an electrode array in its initial state, and when 

the electric field is on. The areas above electrode gaps become protruding. b) 

The corresponding cross-sectional height profiles with/-out electric field. 

Reproduced with permission.[16] Copyright 2017, Springer Nature. 

The mechanism is further studied using laser speckle imaging. The 

results indicate that there are three dynamic stages in the actuation process 

(Figure 1.15).[57] (I) Mesogens oscillate individually in the first tens of 
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milliseconds after activation. The corresponding deformation is small as the 

mesogens oscillate individually owing to the glassy property of the LCN. (II) 

While AC electric frequency is tuned to the polymeric network resonance 

frequency determined by the network viscoelasticity, oscillations of 

mesogens quickly become synchronized and the network gets plasticized 

within a few seconds. LC mesogens start moving cooperatively, and the 

network becomes plasticized. The originally glassy network becomes soft 

and more elastomeric. The accompanying change in density causes a 

transient peak in motility. (III) The mesogens pivot with an ever-increasing 

tilt angle until reaching a saturation value while still keeping the LC phase, 

generating increased free volume and microscopic expansion of the surface. 

A feedback loop is formed between the weakening of the network and the 

deviation of mesogens from their equilibrium, thus leading to the 

amplification of free volume and microscopic expansion. 

 

Figure 1.15 | Frequency-resolved analysis of morphing 

kinetics.[57] a) Spectrogram of the dynamics after field switch-on at Δt = 0. 

Each horizontal strip represents one power spectrum of the temporal speckle 

intensity, averaged over 0.015 mm2 surface. Three distinct dynamic stages 

can be identified. The colour scale ranges from −3 to −0.1. b) Illustration of the 

field-off steady state (top) and morphing stages. Only the inter-electrode 

region is drawn. (I) Dielectric interactions drive the polar mesogens to 

oscillate along the AC field lines. (II) Under resonance conditions, the pendant 

and crosslink mesogens start moving cooperatively and plasticize the network. 

(III) A feedback loop of network weakening and increased oscillation 

amplitude causes amplification of the free volume, culminating in microscopic 
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expansion. c) Power spectra matching the indicated cross-sections in a. 

Reproduced with permission. [57] Copyright 2019, Springer Nature. 

1.8 Outline of the thesis 

As reviewed above, switchable surface topographies of LCN coatings 

have been extensively investigated, especially with light as the stimulus. 

Though light as the trigger can provide remote and neat control of the 

switching process, however, electric stimulation is also of great interest 

when taking the facileness of the integration of liquid crystal polymers with 

existing electronic technologies. Therefore, based on studies on the 

oscillation enhanced topographical deformation,[16, 56] this thesis aims at 

developing electric field-induced topographical deformations of liquid 

crystal polymer coatings and investigating potential applications, such as 

surface oscillation-aided dry cleaning method, switchable surface friction, 

and adhesion of LC polymer coatings. The outline of the following chapters 

is as follows. 

Chapter 2 will introduce the electric field-induced surface topographical 

deformation of the LCN coatings with a fingerprint configuration. With a 

self-assembly process, homeotropic and planar areas are alternatively 

aligned in the LCN coating. Upon electrical stimulation, these areas show 

different deformation behaviors, contributing to the topographical 

deformation of the coating surface. The electrically driven surface 

topographical deformation is further demonstrated in the application of dry 

cleaning of sand with remote control.  

Chapter 3 will discuss the influence of LC monomer compositions on the 

topographical deformation amplitude. Taking the fingerprint alignment as 

an example, various parameters such as the polarity of monomers, 

crosslinking density, and fingerprint pitch will be investigated to afford the 

optimal deformation amplitude. 

Chapter 4 will introduce methods to control the relative height of 

homeotropic and planar orientations of fingerprint LCN coating in the 

polymerization process, using a dichroic dye and a dichroic photoinitiator. 

To prepare type I coatings in which homeotropic areas are lower than 

planar areas, a dichroic photoinitiator is used to induce the material 

diffusion from homeotropic to planar areas; while for preparation of type II 

coatings in which the homeotropic areas are higher than planar areas, the 
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dichroic dye is used to induce the material diffusion from planar to 

homeotropic areas.  

Chapter 5 will introduce the application of the invertible surface (type II) 

developed in chapter 4. With the combination of the mussel byssal-inspired 

3,4-dihydroxyphenylalanine (DOPA)-containing polymer, fingerprint LCN-

based coatings with alternating adhesive/non-adhesive areas are prepared 

with a microcontact printing technique. By stimulating the coating with UV 

light and switch the relative height of the adhesive/non-adhesive domains, 

the adhesive property of the coating is altered, which could be used for 

transport underwater. 

Chapter 6 will introduce the actuation of surface topography of LCN 

coating under the cooperation of UV light and electric field. Enhanced 

topographical deformation is achieved when these two stimuli are applied 

simultaneously. In the process of removing these two stimuli, the surface 

exhibits varied deformation behaviors depending on the order of the stimuli 

removal.  

Chapter 7 presents a technology assessment of achieved results and a 

perspective of potential applications with these switchable surface 

topographies.  
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Chapter 2. Oscillating 

Chiral-Nematic Fingerprints 

Wipe Away Dust 
 

Abstract  

In this chapter, we present an approach to create mechanical undulations at 

an LCN coating surface under the actuation from alternating electric fields. The 

coating is fabricated through polymerization of reactive (chiral) liquid crystal 

mesogens aligned in a fingerprint texture on top of interdigitated electrodes. 

When a lateral alternating electric field is applied, the order parameter of the 

helicoidally packed LC mesogens is reduced. This simultaneously leads to an 

inversion of the fingerprint-textured surface topography, an overall thickness 

increase, and a fast chaotic surface oscillation. These triple effects work in 

concert stimulating wavy deformation figures at the coating surface. The process 

is fast and reversible; the dynamics of the topographic textures stop immediately 

when the electric field is switched off.  The continuous generation of surface 

undulations sustains transport of species at the coating surface. It removes dust 

and debris providing an active dust control. 

 

This chapter is partially reproduced from: 

Feng, W.; Broer, D. J.; Liu, D. Oscillating Chiral-Nematic Fingerprints Wipe 

Away Dust. Adv. Mater. 2018, 30 (11), 1704970.* 

*Note: This is an open-access article under the terms of the Creative 

Commons Attribution-NonCommercial License, which permits use, distribution 

and reproduction in any medium, provided the original work is properly cited 

and is not used for commercial purposes. 
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2.1 Introduction 

Artificial self-cleaning materials and surfaces are widely studied. [1-2]
P Often 

they are inspired by nature,[3] such as the self-cleaning qualities of plant leaves[4-

5] or the dirt-rejecting properties of animal skins.[6] In general, wettability, either 

(super-) hydrophobic[7-8] or (super-) hydrophilic,[9] has a vital impact on the self-

cleaning performance of functional coatings. For instance, with rainwater, the 

debris on superhydrophobic surfaces (e.g., lotus leaves) can be washed off 

spontaneously.[2, 10] However, in dry and dusty environments like in the desert, 

the access to water is severely limited and water-based self-cleaning approaches 

are not applicable. We report here a new concept of a dry self-cleaning method 

without the aid of water. This will solve the problem for solar farms placed in the 

desert where accumulated dust and sand block the sunlight, reducing power 

production up to 40%.[11] For reference, contaminated solar panels in solar farms 

currently are still removed from deposited dust by hands using brushes. In 

addition, dust mitigating technologies may be used to protect certain 

mechanical/optical/electric systems that carry out the Lunar/Mars mission 

against dust hazards.[12]  

Our proposed water-free self-cleaning philosophy is to employ an 

orchestrated sequence of surface shape-changes in a coating that would 

mechanically transport dust and debris to edges of the tilted surface eventually 

supported by gravity. Despite the previous report on the homeotropic nematic 

liquid crystal network (LCN) which could be brought into a volumetric vibration 

by a high-frequency AC electric field,[13] the dynamic topographies were irregular 

and rather small, in the order of 100 nm at a relatively high operating 

temperature (41°C). In addition, there only the parts above the gap between 

electrodes contribute to the topographical deformation, limiting the deformation 

amplitude. In contrast, in this chapter, we will investigate the topographical 

deformation behavior of LCN coatings of a fingerprint configuration with 

periodical planar and homeotropic orientations. The electrically induced change 

of the order parameter will introduce contrary topographical deformations to 

adjacent areas in the fingerprint LCN coating. With this design, the surface 

deformation is enhanced to hundreds of nanometers. We anticipate this large 

deformation amplitude could transport sand grains in the ambient environment. 

Besides, the topographic periodicity is determined by the pitch of the fingerprint 

helix rather than electrode spacing. 
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2.2 Results and discussion 

2.2.1 Sample preparation   

The LCN coating with a fingerprint configuration is fabricated via 

photopolymerization of reactive mesogens after spin-coating the monomer 

mixture from a solution to the substrate with pre-designed interdigitated 

electrode arrays (Figure 2.1).  

 

Figure 2.1 | 3D illustration of the device configuration. Reproduced with 

permission.[14] 

The in-plane electric field to address the oscillation of LCN coating is provided 

with an array of interdigitated transparent ITO (indium tin oxide) electrodes 

(IDE). Each interdigitated electrode is 3 µm wide and adjacent electrodes are 

separated by a gap of 5 µm. By modifying the substrate with homeotropic 

polyimide before polymerization, the rod-like mesogens in the LCN adopt a 

helicoidal organization with helix axes parallel to the substrate as schematically 

shown in Figure 2.2a.  The black areas in Figure 2.2b correspond to molecules 

homeotropically aligned. Planar areas are optically birefringent showing blue 

color.  
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Figure 2.2 | a) Schematic representation of the molecular order and deformation 

of the fingerprint LCN coating. b) A typical fingerprint texture observed under the 

polarized optical microscope. Reproduced with permission.[14] 

To enhance the molecular interaction with electric fields, we designed a 

mixture consisting of mono- and di-acrylates with a net positive dielectric 

anisotropy (Figure 2.3). Monomers 1 and 2 possess a nematic phase in which the 

molecules tend to align uniaxially with the common director. Monomer 3 is 

added to induce a large positive dipole moment in the polymer network via its 

polar cyano end group. Chiral monomer 4 induces the formation of a chiral-

nematic phase and molecular helices. Photoinitiator 5 initiates the 

polymerization process upon UV illumination. 

We carried out a finite element simulation using the COMSOL Multiphysics®  

software to analyse the electric field distribution over the LCN. In the simulation, 

we built up a 2D model with a stationary electrostatic (es) study. The geometry 

components consist of a rectangular boundary with the size of 30 μm by 90 μm, 

and 5 pairs of electrodes (3 μm wide) with 5 μm-wide gaps in between. The 

material of electrodes is set to be ITO with a relative permittivity of 3.3378, and 

the thickness of the electrodes is set as 100 nm. The medium is set to be the liquid 

crystal polymer with a relative permittivity of 4. The voltage between adjacent 

electrodes is set as 228 Vpp (80.6 Vrms, (rms, square root of the mean value)). The 

simulation results indicate a non-uniform electric field distribution above the 

substrate. Notably, at a film thickness of 4 µm, the electric field strength is still 

37 % of its value near the substrate (Figure 2.4b).  
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Figure 2.3 | Chemical structures of monomers and photoinitiator used for the LCN 

coating.  

 
Figure 2.4 | a) Simulation results of the electric field distribution generated by 

interdigitated electrodes embedded in the LCN. b) Cross-sectional view of the 

simulation result of electric field strength at different places above the substrate. 

Reproduced with permission.[14] 

2.2.2 Surface topographical deformation 

Owing to the difference in surface energies of planar and homeotropic areas, 

the Marangoni effect occurs in the spin-coating process.  The initial monomeric 
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coating has a worm-like surface undulation with a periodicity equal to half of the 

pitch of the cholesteric helix,[15] as shown in Figure 2.3a. During polymerization, 

the surface undulation is frozen in the polymeric network with the remark that 

other effects also will play a role here, for instance, polymerization shrinkage. 

We will discuss this issue in detail in Chapter 4.  

The surface topographies and corresponding deformation dynamics are 

characterized with the Digital Holographic Microscopy (DHM, the setup and 

working principle can be found in Figure 2.13 of Appendix). Correlated 

characterizations of the same microscale region in a sample using the cross-

polarized optical microscopy and DHM suggest that the volume under the hills 

are rod-like molecular units predominantly oriented perpendicular 

(homeotropic) to the surface. While in the volume under valleys, the molecular 

rods are parallel to the surface (planar areas). The combination of homeotropic 

and planar alignments maximizes the deformation amplitude as they exhibit 

opposite electromechanical responses. Upon electrical actuation, following the 

conventional deformations in oriented liquid crystal polymer films, shrinkage 

occurs parallel to the director and expansion occurs perpendicular to the 

director. Translated to our coating, the homeotropic areas will shrink in the z-

direction while expand in the lateral direction, building up stresses in adjacent 

planar areas. The adjacent planar areas simultaneously absorb the stresses by 

expanding in the z-direction on top of their order parameter related expansion, 

such that the surface structure is completely inverted as presented in Figure 2.5a. 

Here the coating is actuated at room temperature with a high-frequency (900 

kHz) electric field 16.1 Vrms/µm (voltage of 80.6 Vrms), which is the largest voltage 

from our instrument. The corrugation inversion (Figure 2.5b) reaches between 

250 nm to 300 nm in a 4 μm thick coating, which is around 6 % of the initial 

coating thickness. We explicitly selected two positions including a homeotropic 

region and a planar region to investigate the deformation kinetics, as indicated 

in Figure 2.5a. The response time of activation and relaxation in both regions are 

in the order of 10 s (Figure 2.5c), which is much slower than the frequency of the 

applied alternating electric field (900 kHz) and the on/off switch of the field that 

takes place instantaneously. This implies that the deformation kinetics is mainly 

governed by the polymer viscoelasticity, rather than by the dielectric properties 

of the LCN. 
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Figure 2.5 | Actuation of the surface topographies. 3D images measured by DHM 

showing the surface topographies a) before and b) during electric actuation. 

Position 1 points to the planar alignment and position 2 is with homeotropic 

orientation. c) Corresponding 2D cross-section profiles of (a) and (b). d) Kinetics of 

the height changes in both planar and homeotropic regions as the AC field is 

switched ‘on’ and ‘off’ for three cycles. The arrows indicate the moment the electric 

field is turned ‘on’ and ‘off’. Reproduced with permission.[14] 

2.2.3 Mechanism of electroactive topographical 

deformation 

2.2.3.1 Oscillation kinetics and generation of free volume 

The mechanism of the electroactive surface topographical deformation is 

based on the decrease of order parameter and oscillating vibration of the 

network brought by the high-frequency lateral alternating electric field.  By 

placing the LCN coating in an alternating electric field, the polar mesogens 

experience an electric torque exerted by the electric field. As the electric field is 

constantly changing, the electric torque is also dynamic and the LC mesogens are 

in a non-equilibrium, constantly trying to follow the electric field line, but 
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hindered by the network and inertia to make a large amplitude. Therefore an 

oscillating vibration is stimulated in the network. Subsequently, the oscillating 

vibration of LC mesogens creates microscopic molecular voids[16] and 

geometrical deformations[17-23] in the polymer coating. As demonstrated in the 

uniaxially aligned LCN,[24] molecules try to deviate from their initial highly 

ordered and compact state. This leads to order parameter reduction and 

simultaneous formation of excessive volume. The free volume, as introduced in 

the light-sensitive polymer system with azobenzene chromophore in Chapter 1, 

was defined as the excess volume demanded to allow the trans-cis isomerization 

of azobenzene. Here in the electrical responsive LCN coating system, we define 

the free volume with a similar description: free volume is the extra space needed 

for the segmental motions of polar groups and cooperated segments to oscillate 

with the alternating electric field.  The dynamic free volume is generated by the 

oscillating vibration of the network resulting from the dielectric interaction 

between polar LC mesogens. The generated free volume usually creates an 

overall density reduction by non-occupied volume.[25] As the long-range 

expansion is restricted by the strongly adhering substrate, the excessive volume 

can only escape at the coating surface, resulting in an overall thickness increase. 

Figure 2.6a shows an average thickness increase of 100 nm measured in the 

vicinity of a scratch in the coating, which is around 2.5% of the initial coating 

thickness. This value is of the same order as reported previously for the light-

induced vibrational effect. [24, 26-30] 

 

Figure 2.6 | a) The increase of coating thickness upon actuation. b) A close-up view 

of the chaotic oscillation at two locations. Reproduced with permission.[14] 
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The measurement of deformation kinetics reveals a tertiary chaotic 

oscillation induced by the alternating electric field. We zoomed in the selected 

profiles of a planar and a homeotropic region and followed their height changes 

evolving in time (Figure 2.6b). Without applying the electric field, the time-

evolving profiles of the surface are smooth. As soon as switching on the electric 

field, the surface starts to oscillate around the formed profile. Here we use the 

Standard Deviation (SD)  of time-evolving height values (Figure 2.6b) to quantify 

the oscillation amplitude. The SD value represents the deviation of discrete 

height values from the mean value. Generally, a small SD value indicates the data 

points are tightly clustered around the mean value, while a large SD indicates the 

data spread away from the mean value. In our case, SD value as derived from 

Figure 2.6b is 3 nm for the inactivated surface. Upon actuation, it increases to 16 

nm. A further closer view on the oscillation superimposed on the activated 

protrusions/indentations suggests that the surface vibrates chaotically. Both the 

amplitudes and the frequencies develop irregularly under the continuous AC 

field. The chaotic oscillation continues until the electric field is switched off after 

which it immediately stops, even before the formed topographies and the coating 

relax to the initial state. We postulate that the electrically-induced chaotic 

oscillation is related to the natural frequency of the system determined by the 

viscoelasticity of the network. Resonance occurs when the natural frequency of 

the LCN matches the frequency of driving electric field. Upon deformation, 

conditions change and the system tries to find a new equilibrium, which in turn 

changes the resonance condition.[31] This continuous loop leads to chaotic 

fluctuations until the electric field is stopped.  

2.2.3.2 Deformation induced by dielectric forces 

 

Figure 2.7 | Torque exerted on the molecules with respect to the electric field and 

dipole. Schematic representation of molecule with positive dipole moment 
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experiences a) largest torque when it is perpendicular to the applied electric field, 

and b) smallest torque when it is parallel to the AC field. Reproduced with 

permission.[14] 

Next we analyze the interaction between the electric field and the molecular 

orientation in more detail. When a low-molecular-weight nematic LC is subjected 

to an electrical field E, the LC molecules will re‐orient. This is the basis for many 

electro‐optical applications.[32] In LCNs, full reorientation is however prohibited 

by the network. Nevertheless, a dielectric torque is exerted on the mesogens, 

which is proportional to the dielectric anisotropy Δε = ε//– ε⊥ (ε//  and ε⊥ are the 

principal dielectric permittivities referred to the director n) in the electric field. 

The orientation (polarization) of permanent dipoles, for instance in the cyano 

groups of the dangling side groups, involves cooperative motions of molecular 

segments in our viscoelastic medium with the timescale of an order of the field 

frequency. This will not only result in an overall decrease of the order parameter 

but also it is anticipated to exert mechanically coupled forces on acrylate main 

chains of the LCN. In the specific system under investigation, there are a few 

complicated factors. The dielectric permittivity is frequency-dependent, which 

alters the dielectric torques when the electric field frequency changes. Moreover, 

the director of the fingerprint cholesteric is complex, not only by the twist in the 

molecular helix but also by the random figures of the helix axes as shown in 

Figure 2.2b.  

When LCNs are subjected to the alternating electric field, molecules 

experience different torques depending on their orientation with respect to the 

electric field. The maximum torque occurs when the electric dipole direction is 

perpendicular to the AC field (Figure 2.7a) while it becomes zero when the dipole 

is parallel to the electric field (Figure 2.7b). However, in a fingerprint LCN 

prepared without additional directional forces, directions of the helix axes are 

random.  
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Figure 2.8 | Optical microscopic image of a regular grating texture observed under 

crossed polarizers. Line patterns are a) perpendicular to the electric field, and b) 

parallel to the electric field. Insets present the rotating direction of the helix and 

the interdigitated electrodes (IDE) substrate. c-d) The corresponding surface 

profiles of the initial non-actuated state (blue line) and actuated (red line) of (a) 

and (b), respectively. e-f) 3D images of the activated topographies of (a) and (b), 

respectively. Reproduced with permission.[14] 

To analyze the interaction between the electric field and the LCN, we 

controlled the formation of the fingerprint in a preferred direction concerning 

the electric field lines by exerting a unidirectional low-pressure buffing on the 

polyimide alignment layer before applying the monomer mixture. Although with 

this method, delicate operations are usually needed and sometimes limited areas 

(e.g., 400 μm×400 μm) of continuous parallel aligned fingerprints can be 

obtained, it is sufficient for us to perform scientific investigations. With this 

method, regular linear patterns are obtained as shown in Figure 2.8a, b, where 

birefringent blue lines correspond to planar aligned molecules and black lines 

correspond to homeotropically orientated molecules. In Figure 2.8a the helix 
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axis is parallel to the AC field line. The fingers are orthogonal to the electric field. 

While in Figure 2.8b, the fingers are parallel to the field line. Activated by an AC 

electric field, line structures in Figure 2.8a exhibit larger deformations because 

nearly all the positive dipole molecules are perpendicular to the electric field line 

(Figure 2.8c, e), coupling a maximum net torque to the LCN. Whereas, the line 

textures in Figure 2.8b show minor surface changes (Figure 2.8d, f). This is due 

to the angle between positive dipole molecules and the electric field varies from 

0 to π/2, resulting in the variation of the torque from zero to maximum.  

2.2.4 Parameter study 

The deformation amplitude is influenced by several parameters, such as 

temperature, frequency, electric field strength, and mechanical properties. 

Figure 2.9 shows the influence of electric field frequency on deformation. We 

observed that the electric field of lower frequencies than 300 kHz triggers 

negligible deformation. This further supports the notion that the topographies 

originate from free volume generation in combination with order parameter 

changes, rather than thermal expansion. We also observed an increasing free 

volume formation with higher frequencies. However, there exists an upper 

limiting frequency, above which the free volume formation reaches the plateau. 

We can observe this trend in Figure 2.9 at the voltage ranging from 16.3 Vrms to 

56.5 Vrms (field strength from 3.26 to 11.3 Vrms/μm). At a larger voltage of 80.6 

Vrms (electric field of 16.1 Vrms/μm), the frequency cannot reach higher than 900 

kHz due to equipment limitations.  
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Figure 2.9 | The influence of electric field frequency on the deformation. 

Reproduced with permission.[14] 

 

Figure 2.10 | a) The impact of different temperatures and frequencies. Three 

samples were measured for each data point. b) Storage modulus and tan delta as a 

function of the temperature of the LCN film. Inset indicates the stretching direction 

concerning liquid crystal alignment in the polymer film. Reproduced with 

permission.[14] 

At each frequency, the sample was also subjected to a temperature sweep 

from 26℃ to 75℃ with a fixed stimulation voltage 80.6 Vrms. We found an 

optimal temperature around 45℃ at which the largest deformation is reached 
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(Figure 2.10a). To understand this, we characterized the mechanical properties 

of the thin film with Dynamic Mechanical Thermal Analysis (DMTA) 

measurements. The results are given in Figure 2.10b. The storage modulus of the 

LCN film is around 1.4 GPa at room temperature and the glass transition 

temperature analyzed from tan 𝛿 is around 45°C. With this information, we can 

explain the temperature-dependent deformation. The LCN is a solid glassy film 

at room temperature and volume formation is restricted by the glassy network. 

At the glass transition regime, the network is less rigid to be more susceptible to 

electrical stimulation due to easier segmental motion. At this regime, however, 

the network is also not too soft and too rubbery, so re-occupation of the free 

volume by other molecules does not occur, thus the largest deformation is 

manifested. This phenomenon also was observed in the light-driven system 

before.[33] Keeping increasing the temperature, the magnitude of deformation 

drops as the polymer network becomes too rubbery, which is less suitable for 

free volume formation because of its high molecular mobility and related fast 

relaxation.  

 

Figure 2.11 | Measured deformation increases with increasing field strength at 

different frequencies. Three samples were measured for each data point. 

Reproduced with permission.[14] 

The electric field strength also influences the deformation. The deformation 

modulation increases with increasing field strength due to the larger torque 



Chapter 2     

35 

 

exerted on the LCN. Results on the modulation as the function of field strength at 

various frequencies are given in Figure 2.11.  

For an electroactive system, the electrothermal effect is common, especially 

for a system stimulated by high-frequency electric fields often leading to 

dielectric heating. In an alternating electric field, dipoles try to align themselves 

in the direction of the field. During the dielectric rotation of the molecules, as the 

kinetic energy of the molecules increases, the temperature of the molecules 

increases. When the molecules collide with other molecules, this energy gets 

transferred to all parts of the material thus heating the material. The heat 

generated in our LCN sample was monitored in real-time by an infrared camera 

(Gobi-640-GigE, Xenics). When applying a voltage of 80.6 Vrms (frequency 900 

kHz), the temperature increases from 29 °C  to 75 °C  within 20 seconds, as shown 

in Figure 2.12a. To further reveal the influence of the heating on the deformation, 

the sample is subjected to the thermal actuation at 75°C. The topographical 

deformation caused by the thermal effect is measured to be 2.5% (Figure 2.12b). 

By subtracting the thermal effect from the overall deformation of 6%, the 

electromechanical effect is calculated to be 3.5%. 

 

Figure 2.12 | a) Temperature evolution of the sample with time upon electrical 

stimulation. b) Comparison between thermal actuated and electric field-induced 

topographical deformation. Three samples were measured for each data point. 

Reproduced with permission.[14] 

2.2.5 Application of the dynamic coating in dust removal 

From the sections above, we have demonstrated the electroactive 

deformation of the LCN in three levels: 1. thickness increase of the whole coating, 

2. change of fingerprint-patterned surface topography, and 3. a tertiary chaotic 
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oscillation superimposed on the topographical deformation. In the next step for 

potential applications, it is of utmost interest whether the dynamic surface can 

be applied to transport particles placed on top of the film. Figure 2.13 shows that 

an electrically activated surface is capable to shift few isolated sand grains over 

the entire coating surface. Based on this, we studied the coating further towards 

a practical application by investigating self-cleaning properties in dry conditions, 

i.e. without the help of water. Currently, most self-cleaning solutions are based 

on lotus flower effects utilizing super-hydrophobic surfaces to help rainwater 

wash dust off the surface. However, very limited self-cleaning strategies are 

developed for dust contamination in a dry environment,[34] for example, solar 

panels placed in deserts or, somewhat more futuristic, light-driven vehicles 

operating on other planets.  

 

Figure 2.13 | Snapshots of discrete sand grains removed from surface through 

surface oscillation. Reproduced with permission.[14] 

Our LCN coatings enable the cleaning under dry conditions with mechanically 

removing particles by surface vibrations. For this purpose, we take advantage of 

the gravity by tilting the coating somewhat from its horizontal position. In this 

specific experiment, the tilt angle is kept at 37o. In Figure 2.14, the sands covered 

the entire active area of the coating. The sand grains have typical sizes of 0.25-

0.55 mm, much larger than the periodicities of the corrugations of the LCN 

coating or the electrodes. Directly upon switching on the electric field (Figure 

2.14), nearly 100% of the sand in the activated area was removed within the first 
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cleaning sequence in 1 second. The fast cleaning speed is attributed to 

gravitational forces activated by the chaotic oscillatory surface fluctuations 

when the coating is actuated.  

 

Figure 2.14 | Snapshots of dry sand being removed from the surface with the 

dynamic dry self-cleaning approach. The dry sand can be cleaned quickly. The sizes 

of sand particles are around 0.25 mm-0.55 mm in diameter. Reproduced with 

permission.[14] 

The electric energy consumed in this cleaning cycle is small and calculated to 

be approximately 28.6 mJ/cm2. The input voltage and the corresponding output 

current measured from the circuit are shown in Figure 2.15. The energy 

consumed in the circuit is calculated as: 𝑄 =  𝑉𝑟𝑚𝑠 × 𝐼𝑟𝑚𝑠 × 𝑐𝑜𝑠𝜑 × 𝑡 , where 

𝑉𝑟𝑚𝑠 and 𝐼𝑟𝑚𝑠 are the root-mean-squared (rms) values of the sinusoidal voltage 

and current waveforms, respectively; φ is the phase lag between voltage and 

current which is derived from Figure 2.15b to be 0.91 rad; t is the time assumed 

time for single cleaning cycle (1 second). When applying an AC voltage of 80.6 

VRRrmsRR  the current in the circuit is measured to be Irms = 209 µA. The active area of 

the sample is 0.36 cm2. Therefore, energy consumption in the cleaning cycle is 

calculated to be 28.6 mJ/cm2.  



Oscillating Chiral-Nematic Fingerprints Wipe Away Dust 

38 

 

 

Figure 2.15 | Electrical diagram of the device. a) The equivalent electric circuit 

employed to drive the sample. b) The V-I phase diagram of the sample. Reproduced 

with permission.[14] 

 

Figure 2.16 | Fluorination of the LCN coating makes the coating more 

hydrophobic. Water wettability states of the LCN coating a) before fluorination and 

b) after fluorination.  Reproduced with permission.[14] 

Next, we manage to deal with the removal of humid dust. Humid dust has 

proved extremely difficult to remove owing to the presence of capillary forces 

between particles mutually and between particles and the surface.[35] We now 

further enhance the cleaning efficiency of our approach by lowering the surface 

energy by modifying the LCN coating with a fluorinated top layer. For this 

purpose, we functionalized the coating surface with 1H,1H,2H,2H-

perfluorodecyltriethoxysilane through a chemical vapor process. We refer to this 

hydrophobically modified coating as “hybrid coating”.  With fluorination, the 

water contact angle is increased from 73o to 116o (Figure 2.16). 
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Figure 2.17a shows the effect of removing humid sand grains using our 

responsive coating. The humid sand was obtained by spraying water onto the 

dry sand that was dried at 120℃ for 30 minutes before. The weight percentage 

of spayed water in the total mass of sand and water is 10 wt%. The wet sands 

adhere tightly to the unmodified LCN coating surface after switching on the 

electric field, even when the surface is titled further towards vertical 42o.  

However, the hydrophobic layer reduces the adhesion of the sand, especially for 

the wet/humid grains. Figure 2.17b shows that on the hybrid coating, upon 

switching on the electric field, the humid sand starts sliding off the coating 

surface within 1.5 seconds and they are completely removed within 3 seconds. 

Figure 2.17 | Snapshots of sand being removed from the surface through the 

dynamic dry self-cleaning approach. a) (1) Tilt angle of the sample. (2)-(4) 10% 

humid sand sticks to the coating surface. b) (1) Sample is placed at 42o. (2)-(4) 

Removal of the 10 % humid sand on the hybrid coating.  Reproduced with 

permission.[14]  

2.3 Conclusions 

We have developed a coating with dynamic surface undulations fuelled by 

alternating electric fields. This new approach is based on resonance-enhanced 
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microscopic (di)electric coupling of polar mesogens to the electric field. We 

illustrate three orders of dynamics occurring spontaneously. The first order is 

the formation of topographies as the external field is switched ‘on’, which 

reaches close to 6% of the coating thickness. Simultaneously, the coating 

thickness increases by 2% as the result of volume expansion. A tertiary 

oscillation occurs while maintaining the electric field. Both the field-on and field-

off response occur in seconds presumably determined by the viscoelastic 

property of the polymer.  

This coating provides a self-cleaning function, actively repelling particles 

under both dry and humid conditions efficiently through its dynamic oscillating 

surface topographies. This technology can be easily integrated into applications 

through existing fabrication processes already established in LCD industries. The 

flexibility of the combination of both dry and wet self-cleaning principles allows 

the coating to work in various conditions. The coating has several other 

advantages: low energy consumption, high transparency to the visible spectrum 

of light, and a long lifetime proven in the LCD industry. We anticipate this coating 

can be readily implemented in dry and dusty areas where water is pricy or not 

available for cleaning.  

2.4 Experimental section 

2.4.1 Materials 

Interdigitated electrodes (IDE) substrates were kindly provided by Merck. 

Monomers 1-3 were purchased from Merck Chemical Company. Chiral dopant 4 

(Parliocolor LC756) was obtained from BASF and photoinitiator 5 (Irgacure 819) 

was obtained from Ciba company. For a typical sample, we used 20 wt% 

monomer 1, 45 wt% monomer 2, 33 wt% monomer 3, 2 wt% photoinitiator 5 

and various amounts of chiral dopant monomer 4 ranging from 0.1 to 1 wt%. The 

amount of chiral dopant was varied to prepare samples with different pitches. 

1H,1H,2H,2H-perfluorodecyltriethoxysilane was purchased from Sigma-Aldrich. 

2.4.2 Sample preparation 

The glass substrates with patterned ITO were cleaned by ultrasonication for 

20 min in acetone and isopropanol, respectively, and followed by drying with 

nitrogen flow. The cleaned substrates were then subjected to a UV-ozone 
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treatment for 20 minutes. Polyimide SE-7511L (Nissan Chemical Industries) was 

used to obtain homeotropic alignment. In detail, the polyimide was spin-coated 

onto the substrate at a speed of 5000 rpm for 40s. It was baked at 100℃ for 10 

min to evaporate the solvent and then at 220℃ for 90 min. To fabricate liquid 

crystal polymer coating, the liquid crystal monomer mixture was spin-coated at 

1000 rpm (acceleration rate 300 rpm/s) from tetrahydrofuran (25 wt%) 

solution onto IDE substrate and subsequently polymerized by UV illumination at 

20°C for 30 minutes in N2 atmosphere using a mercury lamp (Omnicure EXFO 

S2000).  

The hydrophobicity of the coating surface was introduced by using a vapor phase 

reaction by 1H,1H,2H,2H-perfluorodecyltriethoxysilane at 125°C for 1 hour. 

Before the silanization, the sample was treated with UV-ozone for 20 minutes.  

2.4.3 Characterization 

 The fingerprint configuration was checked by an optical polarized 

microscope (Leica DM2700). The alternating electric field with a sine wave 

function was provided by a function generator (Tektronix AFG3252C). The 

electric signal from the function generator was amplified through an amplifier 

(Falco Systems WMA-300). The output voltage was measured by the oscilloscope 

(Keysight InfiniiVision DSO-X 3032T). The surface topographies were measured 

by Digital Holography Microscope (from LyncéeTec, the photograph and its 

optical setup can be found in Figure 2.18, Appendix of this chapter). The 

thickness of samples was measured by interferometer (Fogale Nanotech 

Zoomsurf) and profiler meter (Bruker Dektak XT). UV-vis spectra of the coating 

were characterized by Ocean Optics HR 2000+. The profile of the water droplet 

on the liquid crystal coatings was measured by a contact angle device 

(Dataphysics OCA-20). The mechanical properties (e.g., storage modulus and 

loss modulus) of the LCN film modulus were measured with a Dynamic 

Mechanical Thermal Analysis (DMTA) (Q800, TA instrument) with a ramp rate 

of 3℃/min. 
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72T72T72T72T72T72T72T72TAppendix 

 

 
 

72T72T72T72T72T72T72T72TFigure 2.18 | Photograph and optical set up of reflection digital holographic 
microscope (DHM) from LynceeTech. The source beam is first separated into two 
parts - a reference beam and an object beam. The object beam illuminates the 
sample. The light diffracted by the sample is collected by the microscope objective 
and is combined with the reference beam to form a hologram on the camera. Once 
the hologram has been captured by the microscope, it is numerically interpreted to 
provide phase and intensity images of the sample. Reproduced with permission 
from LynceeTech.  
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Chapter 3. Study of 

Experimental Parameters 

Influencing the Surface 

Deformation of Fingerprint 

LCNs 
 

Abstract 

In chapter 2 we have demonstrated the surface topographical deformation of 

fingerprint LCN coatings with the stimulation of alternating electric fields. In this 

chapter, the leading parameters that influence the surface modulation amplitude 

are presented, including crosslink density, glass transition temperature Tg, 

polarity and polarizability of liquid crystal monomers and fingerprint pitch. This 

investigation contributes to the optimization of the material composition of LCN 

coatings towards optimal deformation amplitude and helps in understanding the 

underlying mechanism of the electric field-induced topographical deformation. 

 

 

 

This chapter is partially reproduced from: 

Feng, W.; Liu, D.; Broer, D. Electric Field Switched Surface Topography of 

Fingerprint Liquid-Crystal Network Polymer Coating, SPIE: 2018; Vol. 10555.* 

*Note: As an author, Wei Feng retains co-owner rights to the original content 

from this reference. 
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3.1 Introduction  

In Chapter 2, we have developed responsive coatings with switchable surface 

topographies triggered by high-frequency alternating electrical fields. We 

further demonstrated the practical application of this coating in a self-cleaning 

action that actively repels particles under both dry and humid conditions. In 

principle, fingerprint LCN coatings exhibit topographical deformation when the 

order parameter is reduced, due to different deformations of homeotropic and 

planar orientations inside the fingerprint LCN coating. To better understand the 

underlying mechanism and amplify the deformation amplitude, in this chapter 

we will study leading parameters that may influence the topographical 

deformation. Firstly, the liquid crystal network is usually composed of diacrylate 

cross-linkers and monoacrylate monomers and it is usually in the glassy state at 

room temperature. For light-responsive LCNs, a previous study reported that the 

deformation amplitude is influenced by the temperature and dictated by the 

glass transition temperature  Tg.[1] Therefore here we will study the relationship 

between Tg and the electrically induced deformation amplitude by changing the 

crosslink density. Secondly, as the deformation is controlled by the director 

patterns in the neighboring orientations, the size of orientations influences the 

deformation amplitude, as found in the light-responsive system.[1] Therefore, the 

influence of the fingerprint pitch will be discussed. Thirdly, the polarity and 

polarizability of liquid crystal mesogens is an important factor for electrical 

responsive LCNs because it determines the torque exerted on the LC mesogens 

by the electric field. It is therefore anticipated that by addressing these factors 

together in a single LCN, we can obtain an optimized deformation amplitude with 

respect to the tradeoff between switching voltage and actuation amplitude. 

3.2 Results and discussion 

3.2.1 Surface topographical deformation of fingerprint 

LCN coating  
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Figure 3.1 | Chemical structures of liquid crystal monomers 1-3, 

chiral dopant 4 and photoinitiator 5.  

The LCN coating with a fingerprint configuration was prepared by spin-

coating LC monomers and chiral dopant (Figure 3.1) to the substrate with 

homeotropic polyimide, followed by a photo-initiated polymerization. Here, LC 

monomer 1 and 2 are added to induce a nematic phase. The cyano group-

containing monomer 3 has a large dipole moment and experiences large torque 

to make the LCN more sensitive to electric fields. Chiral dopant 4 induces a 

helical structure. With photoinitiator 5, the monomers are photopolymerized 

into a polymeric network. As stated in Chapter 2, on the substrate with a 

homeotropic polyimide alignment layer, LC mesogens consisting of chiral 

dopants self-assemble into a fingerprint configuration with the continuous 

alternation between homeotropic, planar alignments and tilted orientations in 

between. 

We use an in-plane alternating electric field provided via interdigitated 

electrodes array to induce the oscillation of network and order parameter 

reduction of the LCN coating. The homeotropic and planar areas exhibit contrary 

deformation, contributing to the topographical deformation of the overall 

surface. In detail, as shown in Figure 3.3, when the order parameter is reduced 

by the AC electric field (16.1 Vrms/μm, 900 kHz), the LCN coating exhibits 

topographical deformation: the homeotropic areas become more dented and 

planar areas rise. Here we define the deformation amplitude as the change of 

height difference between homeotropic and planar areas. For example, as shown 



Study of experimental parameters influencing the surface deformation of 
fingerprint LCNs 

48 

 

in Figure 3.2, homeotropic areas are initially higher than planar areas with a 

height difference around 80 nm. This undulation originates from combined 

effects including the Marangoni effect and the anisotropic shrinkage during 

polymerization, which will be discussed in detail in Chapter 4. When actuated, 

homeotropic areas go down and planar areas go up. The surface topography 

inverses and the planar areas become 150 nm higher than homeotropic areas. 

Therefore, in this actuation process, the deformation amplitude is calculated to 

be 230 nm, which is around 6% of the coating thickness (4 µm).  

To gain a better understanding of the actuation process, in the following part, 

we will investigate the influencing factors on the modulation amplitude. 

 

  Figure 3.2 | a) 3D images showing the electrically switchable surface topography. 

Reproduced with permission.[2] Copyright 2018 Society of Photo-Optical 

Instrumentation Engineers (SPIE). b) 2D profiles of the surface topography when 

the electric field is on/off. 

3.2.2 Influence of the crosslink density on the 

deformation amplitude  

The crosslink density of LCN affects the susceptibility of network to external 

stimuli and also the Tg of LCN polymers.[3] To minimize the electro-thermal 

effect-induced deformation, we used a relatively low electric field  (13.1 Vrms/μm, 

900 kHz) in the investigation. The crosslink density was changed by using 

monomer mixtures with different amounts of crosslinker 1, as indicated in 

Figure 3.3a. We find that the actuated deformation amplitude decreases with 

larger crosslink density, decreasing from 300 nm for the sample with 5 wt% 

cross-linker to 60 nm for the sample with 45 wt% cross-linker, as shown in 

Figure 3.3b. The LCN with the higher cross-linker density has a higher glass 

transition temperature. The storage modulus G’ of the denser cross-linked 

network is larger than less crosslinked LCN. Denser LCN exhibits a smaller 
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maximum of the loss factor (tan δ), indicating the progressively reduced lossy 

behavior.[4] The actuation of denser networks requires more energy and 

therefore exhibits a smaller deformation amplitude under the same electric field.  

 

Figure 3.3 | a) The chemical compositions with different amounts of crosslinker.  

b) Deformation amplitude of samples with different cross-linking densities 

actuated by the electric field (13.1 Vrms/μm, 900 kHz). c) Storage moduli G’ and tanδ 

of fingerprint LCNs with different cross-linking densities as a function of 

temperature. Reproduced with permission.[2] Copyright 2018 SPIE. 

3.2.3 Influence of the fingerprint pitch on the deformation 

amplitude 

The pitch of fingerprint LCNs can be tuned by varying the concentration of 

chiral dopant 4 in the monomer mixture (Figure 3.4a)  
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Figure 3.4 | a) The relation between fingerprint pitch-1 and the concentration of 

chiral dopant in the monomer mixture. b) The influence of pitch on the 

deformation amplitude of fingerprint LCNs. 

A maximal deformation is achieved at the optimal pitch around pitch=40 μm 

(pitch-1=0.025 μm-1), as shown in Figure 3.4b. This is mainly ascribed to the 

dependence of coating thickness on the fingerprint pitch, set by the conditions 

to form fingerprint textures. First, the thickness of the fingerprint LCN coating is 

related to the required fingerprint pitch: to afford the fingerprint configuration, 

the d/p needs to be in a certain range, where d represents the LCN coating 

thickness and p is the fingerprint pitch.[5-6] In our fingerprint LCN coating, the 

d/p value is usually in the range of 0.15<d/p<0.25.[7] As introduced in Chapter 2, 

this is caused by the delicate trade-off between the homeotropic anchoring force 

from the polyimide alignment layer and the competing helical winding by the 

chiral dopant. Out of this proper d/p range, either homeotropic alignment is 

afforded for a thinner sample due to dominating homeotropic anchoring force 

from alignment layers (region I in Figure 3.4), or a focal conic texture[8-9] forms 

when the sample has a larger thickness (region III in Figure 3.4), as proven in a 

wedge cell with a thickness gradient.[5] Therefore, for the fingerprint LCN coating 

with a larger pitch, its thickness is larger. Consequently, the absolute value of 

deformation amplitude is larger, considering there are more materials to exert 

forces and deform. However, topographical deformation is a stress-related 

process. To be specific, as stated earlier in Chapter 2, the areas with homeotropic 

orientation tend to shrink along the z-direction and expand in the lateral 

direction, building up stresses in the adjacent planar areas. Larger pitches will 

lead to lower stress concentrations. The stress is anticipated to dominate at small 
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pitches, and fades out at a larger finger width. Therefore, the trade-off between 

these two factors leads to an optimal pitch for the maximal deformation 

amplitude. 

 

 

Figure 3.4 | Chiral nematic LC mesogens in a wedge cell with homeotropic 

alignment layers. Reproduced with permission.[5] Copyright 1991, Wiley-VCH. 

3.2.4 Influence of the dielectric anisotropy of crosslinkers  

In a previous report on light-responsive LCN coatings, it is found that the LCN 

coating with azobenzene-based diacrylate crosslinkers shows much larger 

deformation compared to the coating consisting of azobenzene-based mono-

acrylates.[10] The responsive azo diacrylate crosslinker is vital for the light-

responsive topographical deformation. Similarly, we anticipate that the 

crosslinker species are crucial for the electrically induced deformation. 

Therefore, we investigate the influence of cross-linker species with different 

polarity and polarizability on the deformation amplitude. To keep the crosslink 

density constant, the cross-linker ratio in every mixture of monomers is set at 

12.8 mol%. By using cross-linkers 1, 6 or 7 with methyl, chloride and cyano 

groups, respectively, we find that the LCN coating with stronger polarizable 
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cross-linker exhibits larger deformation under the same electric field actuation 

(13.1Vrms/μmR, 900 kHz).  

 

Figure 3.5 | a) Chemical structures of cross-linkers with different polarities. b) 

Comparison of topographical deformations for samples with different cross-linkers. 

Reproduced with permission.[2] Copyright 2018 SPIE. 

As shown in Figure 3.5, the LCN coating with cyano group-containing cross-

linker 7 exhibits the largest deformation whereas the LCN coating with methyl 

group-containing cross-linker 1 shows the smallest deformation. This can be 

explained by the following factors. First, the cross-linker with larger polarity and 

polarizability experience larger dielectric interactions in the alternating electric 

field, thus inducing stronger network oscillation. Second, the polarity in the short 

molecular axis endows the areas aligned parallel to the electric field line with the 

capability to deform as well, which will bring more materials into actuation and 

thus manifest larger deformation amplitudes. A further theoretical calculation 

provides a quantitative insight into the impact of dipole moment and 

polarizability of LC monomers. The calculation was performed by the Gaussian 

09 software with a semi-empirical method (PM6).[11] The results in Table 3.1 

show that the dipole moments and polarizability of diacrylates increase as the 

polarity of side-group increases (-CN>-Cl>-CH3).  
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Table 3.1 | Calculated dipole moments and polarizability of LC monomers.  

Monomer Dipole moment 

(Debye) 

Polarizability 

(Bohr3) 

Diacrylate 1 0.7139 406.46 

Diacrylate 6 2.7678 411.70 

Diacrylate 7 5.1339 417.77 

Monoacrylate 2 3.1953 235.91 

Monoacrylate 8 6.4376 228.50 

3.2.5 Influence of the dielectric anisotropy of LC 

monoacrylate mesogens 

Another factor that may influence the deformation amplitude is the dielectric 

properties of dangling side groups of the polyacrylate LCN. Here different 

monomer mixtures are studied by changing the concentration of monomer 8 

with a cyano group of large polarity in all monomers, as shown in Figure 3.6. The 

results show that the deformation amplitude reaches a maximal level at the 

intermediate monomer ratio of 8 in the monomers feed. This could be explained 

by the trade-off between the polarity of the cyano groups and the intermolecular 

interaction of cyano groups. With increasing the content of monomer 8 to 50 

wt%, larger torque is exerted on the LCN network due to a larger dipole moment 

of 8 compared with other mesogens (Table 3.1).  However, a further increase in 

the content of 8 leads to a decrease in the deformation amplitude. This is 

probably due to the transient cross-linking caused by the dipole-dipole 

interaction between enriched cyano groups in the LCN network.[12-13] Increased 

crosslink density leads to a reduction of the deformation amplitude. Dynamic 

mechanical thermal analysis shows that, the storage modulus of LCN increases 

with an increasing ratio of monomer 8. The LCN with 87.7 wt% 8 shows a higher 

glass transition temperature compared to other samples. This is caused by the 

extra cross-linking formed via the dipole-dipole interaction of cyano groups 

inside the sample. 
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Figure 3.6 | a-b) Chemical structures of monomers and ratios in different 

monomer mixtures. c) Topographical deformation amplitude of the fingerprint 

LCN coating with different ratios of monomer 8 under the electrical field 

stimulation (13.1 Vrms/μm, 900 kHz). d-e) Dynamic mechanical thermal analysis: 

storage moduli and tan δ of LCNs as a function of temperature with different 

amounts of monomer 8.  

3.3 Conclusions 

In this chapter, we have investigated influencing factors on the topographical 

deformation amplitude of fingerprint LCN coatings during electrical actuation, 

including crosslink density, the fingerprint pitch and the polarity/polarizability 

of monoacylate monomers and diacrylate cross-linkers. The results show that 

under the same actuation electric field, the LCN coating with a lower Tg near 

room temperature, a relatively low crosslink density, strong polarity of cross-

linker and a pitch near 40 μm would manifest a large deformation amplitude. 

This investigation would provide a useful guide for integrating the electric field-

responsive coatings into devices for practical applications. 

3.4 Experimental section 
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3.4.1 Materials   

Liquid crystals reactive monomers 1-4 and interdigitated electrodes (IDE) 

substrates were obtained from Merck KGaA. Photoinitiator 5 was purchased 

from Ciba. LC cross-linkers 6, 7 were obtained from Philips Research. LC 

monomer 8 was obtained from Synthon Chemicals.  

3.4.2 Fabrication of LCN coating and characterization 

The fabrication and topographical characterization of LCN coatings are 

carried out following similar protocols in Chapter 2. 
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Chapter 4. Static and 

Dynamic Control of Fingerprint 

Landscape Using Dichroic 

Molecules in Liquid Crystal 

Network Coatings 
Abstract  

In Chapter 2 we developed oscillating coating surfaces using the fingerprint-

configured liquid crystal networks. The surface topography can be switched 

upon electrical stimulation. In the present chapter, we develop methods to 

further control the surface profile of the coating in the as-prepared state. Using 

the dichroic dye and dichroic initiator to control the polymerization rate and 

monomer gradient-induced mass diffusion, we have controlled the relative 

height between the homeotropic areas and planar areas and achieved three 

types of coatings: type I coatings with higher planar areas fabricated with the 

dichroic initiator, type II coatings with lower planar areas fabricated with the 

dichroic dye, and type III coatings with relatively flat surfaces.  

 

 

This chapter is partially reproduced from: 

Feng, W.; Broer, D. J.; Grebikova, L.; Padberg, C.; Vancso, J. G.; Liu, D. Static and 

Dynamic Control of Fingerprint Landscapes of Liquid Crystal Network Coatings. 

ACS Appl. Mater. Interfaces 2020, 12 (5), 5265-5273.* 

*Note: This is an open-access article under the terms of the Creative 

Commons Attribution Non-Commercial No Derivative Works (CC-BY-NC-ND) 4.0 

license, which permits use, distribution and reproduction in any medium, 

provided the original work is properly cited and is not used for commercial 

purposes. 
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4.1 Introduction 

In chapter 2, we used an in-plane alternating electric field to trigger the 

topographical deformation of the fingerprint-configured LCN coatings and 

demonstrated their potential applications in the remotely controlled dry-

cleaning of sand. However, in many cases, the relative height of planar areas and 

homeotropic areas in the as-prepared samples after polymerization are random. 

This is caused by the Marangoni effect and anisotropic shrinkage during 

polymerization.  

4.1.1 Marangoni effect 

The Marangoni effect refers to the effect of promoting mass transfer in the 

interface between two fluids with different surface tensions.[1] The homeotropic 

and planar orientations in the fingerprint LC coating are with different surface 

energies. The surface tension forces together with elastic forces within liquid 

crystals reduce the system’s free energy by forming spontaneous corrugations 

following the fingerprint texture, as shown in Figure 4.1a. The underlying forces 

driving the formation of the corrugation are contributed by multiple physical 

factors, including the difference in surface energies, the elasticity of liquid 

crystals, etc. 

From characterizations discussed later in this chapter, we find that the 

topographically higher areas are of homeotropic alignment and the lower areas 

are of planar orientations. The topography of the coating surface in the 

monomeric state are probed with the digital holographic microscope (DHM, 

detailed instrumental set up in Chapter 2), as shown in Figure 4.1a. Surprisingly, 

an inversion of the surface topography was observed in the following 

polymerization process, which will be discussed in Section 4.1.2.  

4.1.2 Anisotropic polymerization shrinkage 

The topographical inversion of the coating surface during polymerization was 

observed via in-situ polymerization experiments using DHM at room 

temperature (25℃)(Figure 4.2a): the initially higher areas in the monomeric 

turn into dents during polymerization, and vice versa. This phenomenon is 

ascribed to an anisotropic polymerization shrinkage effect. During 

polymerization, as the intermolecular distance changes from the larger Van der 
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Waals distance to the smaller covalent distance,  the system exhibits anisotropic 

volume shrinkage. For instance, it is demonstrated when polymerized at 90℃ in 

the nematic phase, RM82 (a commercial reactive LC mesogen, 2-methyl-1,4-

phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)) shows a ~6% shrinkage 

(depending on the polymerization temperature) along the long molecular axis 

and only ~0.1% shrinkage in the perpendicular direction.[2] Therefore, we can 

deduct that in our case here, the shrinkage is larger in homeotropic areas than 

that in planar areas. When polymerization shrinkage effect dominates over the 

Marangoni effect, resulting in the inversion of the surface topography during 

polymerization.  

 

Figure 4.1 | a-b) Topography inversion in the polymerization process probed with 

the digital holographic microscope (DHM): a) monomeric state before 

polymerization, b) after polymerization. The grayscale indicates the topographical 

height of the fingerprint patterns. c) Correlated topography of the polymer LCN 

coating and d) the corresponding polarized microscopic image. The effect of much 

narrower fingers than homeotropic gaps is due to a small misfocus of the 

microscope when imaging the sample. e) 2D topographical profiles. The polarized 

microscopic image was obtained with a polarized optical microscope (POM) with 

crossed polarizers. Reproduced with permission.[3] 
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The height difference between homeotropic and planar areas is around 150-200 

nm (Figure 4.1), which is ~4% of the coating thickness,  matching with the 

difference in polymerization shrinkage ratios between the directions parallel 

and perpendicular to the molecular long axis.  

Owing to the Marangoni effect and anisotropic shrinkage during 

polymerization, the fingerprint LC polymer coatings are decorated with intrinsic 

non-flat surface topographies, depending on the application, sometimes desired 

and in other cases undesired. It is therefore important, despite many studies 

about the tuning of the orientation, handedness and pitch of the chiral nematic 

LC systems,[4-10] to control the topography during the formation or by an active 

actuation after the formation of the LCN coating. 

 

Figure 4.2 | Chemical structures of LC monomers, dichroic initiator and dichroic 

dye used for different types of LCN coatings. Reproduced with permission.[3] 

4.2 Results and discussion 

In the following sections, we will develop methods using dichroic molecules, 

namely, dichroic photoinitiator 1 and dichroic dye 6 (Figure 4.2) to control 

surface topographies of fingerprint LCN coatings during polymerization. 
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4.2.1 Dichroism 

Dichroism refers to the anisotropic optical property of a material which 

manifests as different absorption coefficients towards the light in different 

polarization directions.[11] Usually, dichroic molecules show a larger absorption 

coefficient towards the light polarized parallel to the long molecular axis than 

light with perpendicular polarization.  

 

Figure 4.3 | Dichroic ratio of the (a) dichroic photoinitiator 1 and (b) dichroic dye 

6. Reproduced with permission.[3] 

Dichroic dyes and dichroic photoinitiators are capable to align with liquid 

crystals via the host-guest effect.[12-13] The chemical structures of the dichroic 

photoinitiator 1 and dichroic dye 6 used in our system are shown in Figure 4.2. 

The light absorption of dichroic photoinitiator 1 and dye 6 in homeotropic and 

planar areas are checked by probing their UV–vis spectra in a representative LC 

host. The LC host is composed of 10 wt % 2, 50 wt % 3 and 40 wt % 4. For the 

cholesteric sample, the chiral dopant 5 was additionally added (1 wt % of LC 

host). Typically the dichroic ratio DR is defined as DR= A// /A⊥, where A// and A⊥ 

are the absorbances of light parallel and perpendicular polarized to the 

orientation of a uniaxially aligned LC sample, respectively.[14] However, our 

fingerprint LCN system contains homeotropic and cholesteric orientations. To 

reveal the difference in light absorbance, we will define the dichroic ratio as 

Acholesteric/Ahomeotropic where Acholesteric is the non-polarized light absorbance of a 

cholesteric sample and Ahomeotropic   is the non-polarized light absorbance of a 

homeotropic sample with the same concentration of dichroic molecules. Samples 

used here for characterization of the dichroic ratio are all in the monomeric state. 
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From the UV–vis spectra (Figure 4.3), the dichroic ratio (Acholesteric/Ahomeotropic) of 

the dichroic photoinitiator 1 (1 wt% of the LC host) is 5.5 at 365 nm, indicating 

a good alignment of dichroic photoinitiator 1 with the LC monomers owing to 

the aforementioned host-guest effect. For dichroic dye 6 (1 wt% of the LC host) 

in the LC host, the dichroic ratio (Acholesteric/Ahomeotropic) is measured to be 4.0 at the 

absorption peak of 398 nm.  

The strategies using dichroism to control the surface topography of 

fingerprint LCN coatings are as follows: on one hand, we use the dichroic 

photoinitiator to promote the polymerization rate of planar areas and induce 

material diffusion from homeotropic to planar areas, leading to higher planar 

areas, named as type I coating; on the other hand, we use the dichroic dye to 

lower down the polymerization rate of the planar areas to promote the diffusion 

of the monomer from planar areas to homeotropic areas, contributing to higher 

homeotropic areas, and we refer this kind of coating type II coating. By 

controlling the light intensity and polymerization temperature, we can balance 

the polymerization shrinkage effect, Marangoni effect and materials diffusion, 

obtaining coatings with relatively flat surfaces. 

4.2.2 Type I coating: polymerization initiated with the 

dichroic photoinitiator 

 

https://pubs.acs.org/doi/full/10.1021/acsami.9b11928#fig3
https://pubs.acs.org/doi/full/10.1021/acsami.9b11928#fig3
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Figure 4.4 | a) Schematic illustration of the formation of the type I coating. Due to 

material diffusion from homeotropic to planar areas and larger polymerization 

shrinkage in homeotropic areas, planar areas are higher than homeotropic areas. 

b) POM image between crossed polarizers. c) Correlated surface topography image 

with digital holographic microscopy (DHM). The planar areas are higher than 

homeotropic areas. d) 2D cross-section surface topography profile. Reproduced 

with permission.[3] 

Firstly we use the dichroic photoinitiator 1 to develop type I LCN coatings 

where homeotropic areas are lower than planar areas after polymerization. In 

the monomeric state, the valleys are filled with planar-aligned molecules. 

Polymerization with a non-dichroic photoinitiator leads to topography inversion 

and a corrugation depth of 150 nm, as demonstrated in Figure 4.1. Now by 

polymerizing in the presence of the dichroic photoinitiator, the height difference 

becomes more pronounced as shown from the characterization of the same 

sample area using POM and DHM (Figure 4.4c-d).  

For clarity, we define h as the height difference between the planar and 

homeotropic areas and its value is defined to be positive when planar areas are 

higher than the homeotropic areas. With a slow polymerization rate to allow 

material diffusion at certain polymerization conditions, the non-birefringent 

homeotropic areas are lower than the birefringent planar areas with a height 

difference h around 400 nm (Figure 4.4b-d). Compared with the initial 

topography before polymerization where the homeotropic areas are 50 nm 

higher than planar areas, the relative height between homeotropic and planar 

areas changes by 450 nm in the polymerization process.  

To gain better control over the height difference, we studied the impact of 

experimental factors, such as dichroic initiator concentration, UV light intensity 

and polymerization temperature on the height difference between planar and 

homeotropic areas. In detail, on one hand, by varying the dichroic initiator 

concentration with keeping the UV light intensity constant (0.5 mW·cm-2) or 

varying the UV light intensity while keeping the dichroic initiator concentration 

constant (0.2 wt%), the height difference is larger in the small initiator 

concentration or low light intensity regime, where the polymerization rate is 

relatively low and more materials diffusion is permitted (Figure 4.5b, c).  
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Figure 4.5 | a) Illustration of the quantification of the height difference between 

the planar and homeotropic area. b) Influence of dichroic initiator concentration 

on the height difference. Fixed parameters: light intensity 0.5 mW·cm-2, 

temperature 30℃. c) Influence of light intensity on the height difference. Fixed 

parameters: 0.2 wt% dichroic initiator, polymerization temperature 30℃. d) 

Influence of polymerization temperature on the height difference. Fixed 

parameters: 0.2 wt% dichroic initiator, light intensity 0.5 mW·cm-2. Three parallel 

samples were measured for each data point. Reproduced with permission.[3] 

On the other hand, when the initiator concentration is above 1 wt% or the 

light intensity is stronger than 5 mW·cm-2, no further change in height difference 

is observed with higher initiator concentration and light intensity. It is 

speculated that, at high initiator concentration and strong UV light intensity 

regime, the polymerization and cross-linking in homeotropic areas proceeds fast 

and inhibits the material diffusion from homeotropic to planar areas. At these 

conditions (large initiator concentration (>2 wt%) and relatively strong UV light 

intensity (5 mW·cm-2)), the height difference is mostly contributed by the 

different polymerization shrinkage in homeotropic and planar areas. As for the 
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influence of polymerization temperature, the height difference is observed to be 

larger at higher polymerization temperatures while other experimental 

parameters are kept constant (dichroic initiator concentration and UV light 

intensity are kept at 0.2 wt% and 0.5 mW·cm-2, respectively) (Figure 4.5d). 

4.2.3 Type II Coating: photopolymerization in the 

presence of dichroic dye  

We used the non-dichroic photoinitiator 7 in the presence of dichroic dye 6 

to fabricate a different type of coatings (type II). In fingerprint-configured LC 

coating, the dichroic dye has larger absorption of the normally incident light in 

planar areas than in the homeotropic areas, as stated earlier. When the 

anisotropic light absorption is regulated by a dichroic dye, the photoinitiator 7 

will experience a lower UV light intensity in the planar regions. This slows down 

polymerization in planar areas and induces a concentration gradient-induced 

monomer diffusion and consequently the formation of elevated regions with 

homeotropic director orientation (Figure 4.6a).  The faster conversion of LC 

monomers in the homeotropic areas induces materials diffusion to the 

homeotropic areas. Although the polymerization shrinkage is larger in the 

homeotropic areas than in planar areas, the material diffusion dominates over 

the effect of polymerization shrinkage in this case. The correlated POM texture 

and surface topography from DHM (Figure 4.6c-e) prove that homeotropic areas 

are higher than the birefringent planar areas. The height difference h is around -

200 nm (changing from -50 nm before polymerization).  

To investigate the influencing factors, several parameters including dichroic 

dye concentration, light intensity and polymerization temperature were studied. 

The results show that the height difference h decreases monotonically with 

increased dichroic dye concentration while all other factors remain the same (UV 

light intensity: 5 mW·cm-2, polymerization temperature: 30℃) (Figure 4.6d). 

Notably, a critical point of dichroic dye concentration was found where h=0. In 

that case a flat coating surface is obtained. When the dichroic dye concentration 

(0.1-0.3 wt%) is lower than a certain threshold, h value is positive and 

homeotropic areas are lower than planar areas. This is attributed to a dominancy 

of the anisotropic polymerization shrinkage effect over the concentration 

gradient-induced material diffusion due to the relatively weak light absorption 

of the dichroic dye.   
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Figure 4.6 a) Schematic illustration of the formation of type II fingerprint LCN 

coating. Due to materials diffusion from planar to homeotropic areas, homeotropic 

areas are higher than planar areas. White arrows represent the propagation 

direction of the light. b) POM image and c) the correlated surface topography. 

Planar areas are lower than homeotropic areas. d) 2D cross-section surface 

topography profile. Reproduced with permission.[3] 

Comparatively, with a higher concentration of dichroic dye, more light can be 

absorbed by dichroic dye molecules in planar areas, inducing slower 

polymerization initiation and more monomer diffusion from planar to 

homeotropic areas, resulting in smaller height difference h (Figure 4.7a). As for 

the influence of UV intensity for the initiation of polymerization on the height 

difference h, the evaluation was carried out with controlling the dichroic dye 

concentration (1.2 wt%) and a fixed polymerization temperature (30℃). In the 

range from 0.2 to 40 mW·cm-2, a maximum height difference was observed at 5 

mW·cm-2 (Figure 4.7b) which can be explained in terms of polymerization rate 

versus diffusion time. Within the nematic phase range, the larger height 

difference is observed at higher polymerization temperatures due to the higher 

diffusion rate of LC monomers (Figure 4.7c).[15] By varying the concentration of 

chiral dopant, samples with different fingerprint pitches were fabricated. The 
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height difference h has a larger absolute value for samples with larger 

fingerprint pitches (Figure 4.7d) as more materials participate in the diffusion 

process.  

 

Figure 4.7 a) Influence of dichroic dye concentration on the height difference. 

Fixed parameters: light intensity 5mW·cm-2, temperature 30℃. b) Influence of light 

intensity on the height difference. Fixed parameters: 1.3 wt% dichroic dye, 

polymerization temperature 30℃. c) Influence of polymerization temperature on 

the height difference. Fixed parameters: 1.3wt% dichroic dye concentration, light 

intensity 5mW·cm-2. d) Height difference h as a function of the fingerprint pitch. 

Polymerization condition: 2 wt% dichroic dye, 5 mW·cm-2 UV light illumination, 

polymerization temperature 30℃. Three measurements were performed for each 

data point. Reproduced with permission.[3] 

As the surface corrugation is influenced by polymerization-induced diffusion 

of the various monomers to the high-intensity area, it is of interest whether the 

local chemical composition changes as well. To estimate this effect, especially the 

diffusion of the faster-reacting diacrylate molecule 2, we measure the local 

moduli by AFM (Figure 4.8). For samples without dye, the topographically higher 

planar areas were found to have a slightly lower modulus (2.4 GPa) than the 

homeotropic areas (2.9 GPa). Although in line with the expectation of a 
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somewhat higher modulus along the director, this difference is relatively small. 

In contrast, in the type II coating where the same mixture is polymerized in the 

presence of the dichroic dye, the local modulus of planar areas (3.5 GPa) is 52% 

higher than that of the homeotropic areas (2.3 GPa). This indicates that the much 

smaller LC monoacrylates diffuse faster to the high-intensity area, leaving a 

higher crosslink density in the lower planar areas. 

 

Figure 4.8 | Topographic images and correlated modulus images measured with 

AFM nanoindentation mode: a) sample prepared via fast polymerization with the 

isotropic photoinitiator, b) type II sample prepared with the dichroic dye. 

Reproduced with permission.[3] 

4.2.4 Actuated deformation of corrugated fingerprints  

In Chapter 2 and Chapter 3, we described that surface topographies of 

fingerprint LCN coatings can be modulated by an in-plane electric field. It would 

be of interest how type I and type II fingerprint coatings would behave 

differently. As described earlier, the mechanism of the topographical surface 
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deformation is based on the dynamic change of the scalar order parameter.[16-18] 

The homeotropic areas tend to shrink and planar areas tend to expand in the 

direction normal to the surface. As the initial surface landscapes of these coatings 

are different, we can afford different topographical deformation modes 

correspondingly.  

 

Figure 4.9 Topographical deformation of three types of coatings by electrical 

actuation. a-d) Topographies of the type I coating and corresponding 2D surface 

profiles. The amplitude of the surface corrugation increases when actuated. e-h) 

Topographies of type II coating and corresponding 2D surface profiles. The 

amplitude of the surface corrugation goes to close to zero values at 5.1 V/μm after 

which it inverts at an increased electrical field (10.2 V/μm). i-l) Topographies of an 

initially flat coating and corresponding 2D surface profiles. The flat surface turns 

to a corrugated state when actuated. Reproduced with permission.[3] 

In detail, when actuated with the in-plane AC electric field which is generated 

with the interdigitated electrodes (Fig. 2.1 in Chapter 2), in type I coating, the 

height difference between the initially higher planar areas and the lower 

homeotropic areas becomes larger, making the surface more corrugated. The 

height difference h increases from ~400 nm to ~800 nm when actuated with 

10.2 V/μm AC electric field (900 kHz)(Figure 4.9a-d). Interestingly, type II 

coatings exhibit a different surface topographical response. With the 
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homeotropic areas being initially higher than planar areas, the type II coating 

firstly transforms to a relatively flat surface when actuated with 5.1 V/μm AC 

electric field, and then adapts a corrugated surface with inversed surface 

topography when actuated with a larger electric field (10.2 V/μm)(Figure 4.9e-

h). For the initially flat coatings which can be obtained by tuning the 

concentration of the dichroic dye and UV light intensity during polymerization 

(Figure 4.10), the flat surface turns into a corrugated state with h~370 nm (10.2 

V/μm, Figure 4.9i-l). These different kinds of topographical deformation are 

promising for various potential applications, for instance for the dynamic 

removal of debris from surfaces [19,28] or to affect the roughness-controlled water 

wettability (Figure 4.11). The water wettability of type I coatings monotonically 

increases as the actuation electric field increases; while for type II coatings, the 

water wettability is smaller at moderate actuation electric field (5.1 V/μm) and 

increases as the surface roughness increases at a higher actuation electric field 

(10.1 V/μm).  

 

Figure 4.10 | a) 3D surface topography image as measured by DHM of the 

relatively flat surface with balanced polymerization shrinkage effect and material 

diffusion effect. b) 2D cross-section plot of the surface profile. Reproduced with 

permission.[3] 



Chapter 4     

71 

 

 

Figure 4.11 | Different wettability switch modes of Type I and II coatings when 

actuated by AC electric field. Blue lines in the images indicate the levels of coating 

surfaces. Three samples were measured for each data point. Reproduced with 

permission.[3] 

4.3 Conclusions 

In summary, we have shown methods to control topographies of fingerprint 

LCN coatings using the dichroic dye and dichroic initiator. With these methods, 

we can tune the surface roughness with designated landscapes or with close to a 

flat surface. Moreover, we can control the molecular orientations in hills and 

valleys of the corrugations, which would be useful for controlled 

adhesion/release properties of these surfaces and their surface wetting 

behaviors. Corresponding experimental parameters influencing the height 

difference are systematically investigated, including the concentration of 

dichroic molecules, UV light intensity and polymerization temperature. 

Furthermore, we have demonstrated distinct topographical deformation modes 

of fingerprint LCN coating surfaces when actuated. Type I coatings exhibit 

enhanced surface corrugations when actuated. Type II coating firstly undergoes 
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a transition to a relatively flat surface and then is reshaped into an inversed 

topography when further actuated with larger electric field strength. The coating 

initially with a flat surface becomes corrugated when actuated. We envision that 

this mask-free method to control surface topography can be expanded to stimuli-

responsive liquid crystalline coatings with predesigned alignments beyond the 

fingerprint configuration. Moreover, the principle is universal for other coatings 

with areas of different molecular alignments.  

4.4 Experimental section 

4.4.1 Sample fabrication  

The substrates with pre-coated interdigitated ITO electrodes were cleaned 

with sonication in acetone and isopropanol for 10 min respectively and dried 

under N2 flux. The polyimide SE 7511L (Nissan Sunever) for vertical alignment 

was spin-coated onto the substrate at a speed of 5000 rpm and then baked at 

100℃ for 10min and 200℃ for 90 min. The LC monomers mixture was dissolved 

in THF and spin-coated on the substrate. Subsequently, the coating was 

photopolymerized in N2 atmosphere by UV illumination (Ominicure EXFO 

S2000). To allow the material diffusion and full cure of the monomers, a two-step 

photo-polymerization was carried out: monomeric coatings were firstly 

illuminated with UV light with designated intensities for 30 min, then they were 

exposed to strong UV light (50 mW·cm-2) for 20 min to fully cure the monomers. 

A postcure was performed at 120℃ for 10 minutes. The final thickness of LCN 

coatings depends on the fingerprint pitch. Typically the thickness of the coating 

with a fingerprint pitch of 30 μm fingerprint was 4.5 µm. LC monomers were 

mixed in the weight ratio of 2: 3: 4=10:50:40. 

4.4.2 Characterization 

The surface topographies of LCN coatings were investigated with Digital 

Holographic Microscope (Lyncee Tech, Switzerland). The textures and alignment 

of samples were confirmed with a polarized microscope with crossed polarizers 

(Leica DM2700). The local mechanical properties of different areas in the LCN 

coating were studied with an atomic force microscope (AFM) with 

nanoindentation.[19] The AFM measurements were carried out in the air with the 

Multimode 8 AFM NanoScope V controller (Bruker, USA) in the PeakForce 
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Quantitative Nanomechanical Mapping (QNM) mode.  The cantilevers (OMCL-

AC240TS, Olympus, Japan) had a nominal tip radius smaller than 8 nm, a 

resonance frequency of 70 kHz in air and spring constant 2.3 N/m, as measured 

by thermal fluctuations in the air.[20] The AFM piezo oscillated at 0.5 kHz and 

force-distance curves were captured each time the AFM tip tapped on the sample 

surface. The values of Young’s moduli were determined with reference to a 

material of a known Derjaguin-Muller-Toporov (DMT) elastic modulus by using 

so-called ‘relative method’ based on a simplified DMT formalism. In the ‘relative 

method’, mechanical properties of a sample under investigation are compared to 

a known, well-defined polystyrene reference sample with Young’s modulus of 

2.7 GPa (Bruker, USA). All AFM experiments were performed at room 

temperature of 20 °C with a stable humidity of 40%. The indentation depth 

(sample deformation) was controlled to be typically about 5 nm. The image 

processing and the data evaluation were performed with the NanoScope 

Analysis 1.9 software.    

4.5 References 

[1] https://en.wikipedia.org/wiki/Marangoni_effect 
[2] R. A. M. Hikmet, B. H. Zwerver, D. J. Broer, Polymer 1992, 33, 89. 
[3] W. Feng, D. J. Broer, L. Grebikova, C. Padberg, J. G. Vancso, D. Liu, ACS Appl. 

Mater. Interfaces 2020, 12, 5265. 
[4] A. J. J. Kragt, D. C. Hoekstra, S. Stallinga, D. J. Broer, A. P. H. J. Schenning, 

Adv. Mater. 2019, 31, 1903120. 
[5] J. Sun, R. Lan, Y. Gao, M. Wang, W. Zhang, L. Wang, L. Zhang, Z. Yang, H. 

Yang, Advanced Science 2018, 5, 1700613. 
[6] J. Li, H. K. Bisoyi, J. Tian, J. Guo, Q. Li, Adv. Mater. 2019, 31, 1807751. 
[7] P. Chen, L.-L. Ma, W. Hu, Z.-X. Shen, H. K. Bisoyi, S.-B. Wu, S.-J. Ge, Q. Li, Y.-

Q. Lu, Nat. Commun. 2019, 10, 2518. 
[8] L. Qin, W. Gu, J. Wei, Y. Yu, Adv. Mater. 2018, 30, 1704941. 
[9] H. Wang, H. K. Bisoyi, A. M. Urbas, T. J. Bunning, Q. Li, J. Am. Chem. Soc. 

2019, 141, 8078. 
[10] Z.-g. Zheng, Y. Li, H. K. Bisoyi, L. Wang, T. J. Bunning, Q. Li, Nature 2016, 

531, 352. 
[11] https://en.wikipedia.org/wiki/Dichroism 
[12] H. Seki, T. Uchida, Y. Shibata, Jpn. J. Appl. Phys. 1985, 24, L299. 
[13] M.-P. Van, C. C. L. Schuurmans, C. W. M. Bastiaansen, D. J. Broer, RSC 

Advances 2014, 4, 62499. 

https://en.wikipedia.org/wiki/Marangoni_effect
https://en.wikipedia.org/wiki/Dichroism


Static and dynamic control of fingerprint landscape using dichroic molecules in 
liquid crystal network coatings 

74 

 

[14] S. Pan, J. Y. Ho, V. G. Chigrinov, H.-S. Kwok, SID Symposium Digest of 
Technical Papers 2016, 47, 596. 

[15] I. Hidefumi, O. Koji, Jpn. J. Appl. Phys. 1972, 11, 1440. 
[16] W. Feng, D. J. Broer, D. Liu, Adv. Mater. 2018, 30, 1704970. 
[17] Y. Liu, B. Xu, S. Sun, J. Wei, L. Wu, Y. Yu, Adv. Mater. 2017, 29, 1604792. 
[18] G. Babakhanova, T. Turiv, Y. Guo, M. Hendrikx, Q.-H. Wei, A. P. H. J. 

Schenning, D. J. Broer, O. D. Lavrentovich, Nat. Commun. 2018, 9, 456. 
[19] E. Meyer, Prog. Surf. Sci. 1992, 41, 3. 
[20] R. Proksch, T. E. Schäffer, J. P. Cleveland, R. C. Callahan, M. B. Viani, 

Nanotechnology 2004, 15, 1344. 

 



     

75 

 

Chapter 5. Bioinspired 

Switchable Adhesive Surfaces 

Made of Dynamic Fingerprint 

Liquid Crystalline Coatings  
Abstract  

The development of dynamic surfaces with switchable adhesion underwater 

is still a challenge. Here we report a polymeric coating with a fingerprint texture 

that can switch its adhesive property underwater upon light illumination. The 

fingerprint texture is formed by chiral nematic liquid crystals while the 

topography is controlled during polymerization through materials diffusion 

using the dichroism of dye in areas of different liquid crystal orientations. 

Adhesive and non-adhesive polymers are spatial-selectively arranged on the 

coating surface, following the homeotropic and planar orientations, respectively. 

The adhesive parts are composed of a 3,4-dihydroxy-L-phenylalanine (DOPA)-

containing polymer maintaining its adhesive property underwater. This creates 

a dynamic surface with a locally alternating non-adhesive indented areas and 

adhesive elevated areas. Upon UV light illumination, the topography is inverted, 

leaving non-adhesive areas in the elevated state and removing the adhesive 

property of the coating to objects in contact. A special feature of the DOPA-

containing polymer is its excellent adhesive properties when immersed in water, 

contributing to the switchable adhesion underwater via the light-induced 

topography inversion process.   
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5.1 Introduction  

In nature, creatures have evolved switchable adhesive skins for various 

purposes. For example, when provoked the skin of frogs (the Notaden genus) is 

switched to an adhesive state by secretion of adhesives to deter potential 

predators.[1-2]  Similarly,  creatures like geckos[3-4], ants,[5] beetles[6] and flies[7] 

also have evolved adaptive adhesive systems assisting to attach and detach from 

surfaces via various chemical and physical strategies. For example, in a dry 

environment, the gecko pad with hairy microstructures can adhere to vertical 

walls and even upside-down ceilings via van der Waals forces.[4] When needed 

for the locomotion, the gecko can detach from the surface by taking advantage of 

the anisotropy of the inclined microstructures.[8] In biomimetic studies, 

scientists have developed extensive gecko-inspired microstructures for 

adhesion that are suitable for dry environments.[9-14] While for adhesives in a wet 

environment, one of the most studied creatures is mussel, which uses 3,4-

dihydroxyphenyl-L-alanine (DOPA) group-containing proteins to attach to 

surfaces underwater.[15-18] These biological examples have inspired scientists to 

develop many artificial adhesives, based on either microstructures or DOPA-

containing polymer derivatives. However, despite impressive progress in the 

development of adhesive surfaces,[19-26] most of these are non-responsive, which 

is an vital requirement for the fast and controlled adhesion/detachment in 

robotics. Therefore, development of responsive coatings as smart skins with 

little or no requirement of specific treatment of target surfaces while retaining 

the advantage of reversible, on-demand, and fast switch underwater as geckos 

do in dry environments is still highly desirable. 

In this chapter, we develop a kind of functional coatings with invertible 

physical surface topographies, showing different adhesion forces that can be 

switched by light. The underlying mechanism is the light-responsive surface 

topographical deformation of liquid crystal network (LCN) coatings where the 

DOPA-containing polymer adhesive is selectively distributed on the 

homeotropic parts of the LCN coating surface while other parts of the surface are 

top-coated with a non-adhesive layer. Experimentally, we adopt the fingerprint 

texture in the LCN[27] with protrusions spatially synchronized with the 

periodicity of chiral helices. The surface corrugations in the as-prepared sample 

are induced using the material diffusion in the polymerization process of LC 

mesogens with the aid of dichroic dye. The dichroic dye has a strong suppression 
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effect of the polymerization in planar areas and induces material flow from 

planar to homeotropic areas during polymerization. With this method, the 

homeotropic areas are exclusively in the elevated position.[28] The coating 

responds to external stimuli with an inversion of surface topography due to 

opposite anisotropic responses of planar and homeotropic areas. Here we will 

take advantage of this topographical inversion and provide hills and valleys of 

the coating with opposite adhesive properties. Initially the coating is in an 

adhesive state, as the homeotropic areas with the adhesive DOPA polymer 

coating are sticking out. When actuated with UV light, the trans-cis isomerization 

of co-polymerized azobenzene groups in the LCN coating induces an order 

parameter reduction and results in the shrinkage of homeotropic areas and 

expansion of planar areas in the thickness direction, leading to the inversion of 

the surface topography. Therefore the adhesive homeotropic areas are 

topographically lower than the non-adhesive planar areas upon UV light 

stimulation, resulting in the switch of the dynamic coating from an adhesive state 

to a non-adhesive state. 

5.2 Results and discussion 

5.2.1 Fabrication of light-responsive LCN coating with an 

invertible surface topography 

A fingerprint LCN coating with switchable topographical deformation is 

designed as the base of the adhesive coating. To prevent it ripping off from 

substrates, the LCN coating is firmly adhered to the substrate with a silane 

coupling agent Silane A174 before applying LC monomers, bridging the LCN 

coating with the glass substrate via covalent bonds. Silane A174 also provides 

the vertical aligning force for LC monomers,  promoting the formation of 

fingerprint texture as discussed in Chapter 2. 
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Figure 5.1 | Chemical structures of azobenzene crosslinker 1, liquid crystal 

monomers 2, 3, 5, dichroic dye 4, chiral Dopant 6, photoinitiator 7, adhesive 

polymer 8, and fluorescent dye 9.  

Together with the twisting force from chiral dopant 6 (Figure 5.1 molecule 6), 

liquid crystal monomers (7 wt% 1, 40.4 wt% 2, 50 wt% 3, 1.3 wt% 4, 0.3 wt% 6, 

and 1 wt% 7) adopt the fingerprint configuration (also called “uniform lying 

helix”)  where the helical axes are parallel to the substrate. By bonding with the 

acrylate group of Silane A174 on the substate, the LC mesogens firmly adhere to 

the substrate via covalent bonds during polymerization. During the 

polymerization of LC mesogens, we use the dichroic dye 4 to control the relative 

topographical position of the planar and homeotropic domains. This dye shows 

strong absorption in the wavelength range from 420 nm to 600 nm with the peak 

absorption at λ=500 nm (Figure 5.2). As adopting the same alignment as the LC 

host, the dichroic dye 4 exhibits larger light absorption in planar areas than in 

homeotropic areas, with a dichroic ratio of 4.84 (Figure 5.2). Therefore, the 

polymerization in planar areas with lower light intensity for photoinitiation will 

be slower than homeotropic areas, and monomers will diffuse during 

polymerization from planar areas to homeotropic areas. Consequently, the 

homeotropic areas are topographically higher than planar areas (Figure 5.3).  
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Figure 5.2 | Light absorption spectra of cholesteric and homeotropic samples with 

the same concentration of dichroic dye. 

 

Figure 5.3 | a) 3D images of the invertible coating surface with fingerprint texture. 

b) 2D topographical profiles of the invertible coating surface in the initial and UV 

light-actuated states. 
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With incorporated azobenzene crosslinkers, the LCN coating is light sensitive 

due to the order parameter reduction induced by the trans-cis isomerization of 

azobenzene groups. As introduced in Chapter 1, when the order parameter is 

reduced, the coating surface exhibits topographical deformation due to varied 

deformation behaviors of different areas: the planar areas protrude out and the 

homeotropic areas shrink and dent. Initially, the homeotropic areas are higher 

than the planar areas with a height difference of 400 nm; while actuated with UV 

light, the surface topography is inverted and the homeotropic areas become 

lower than the planar areas (Figure 5.3a). With the methods developed in 

Chapter 4, the topographical deformation of the fingerprint LCN coating is well-

tuned, making it possible to further exploit the surface deformation in 

applications.  

5.2.2 Design and fabrication of functional coatings with 

switchable adhesion 

After the preparation of the fingerprint LCN coating with invertible surface 

topography, we fabricate the switchable adhesive coating where adhesive and 

non-adhesive areas are alternatively spatially synchronized with the fingerprint 

texture of LCN. The fabrication process is illustrated in Figure 5.4, involving a 

dip-coating of adhesive polymer and a microcontact printing (MCP) process. The 

adhesive polymer used here is a DOPA-containing polymer p(DMA-co-MEA) 

(polymer 8 in Figure 5.1) that is known to work underwater.[15] Before dip-

coating, a UV-ozone treatment was performed to generate hydroxyl groups on 

the LCN surface to improve the adhesive interaction between p(DMA-co-MEA) 

and the LCN coating.[29] After the dip-coating process, the whole LCN coating is 

coated with a layer of p(DMA-co-MEA) (Figure 5.4a, b) and the thickness of 

applied p(DMA-co-MEA) is 1 μm, which was measured via the thickness change 

of the coating before and after the dip-coating with an interferometer, rendering 

a topography following the fingerprint texture.  
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Figure 5.4 | Fabrication process of the switchable adhesive coating. Schematic 

illustration of a-b) the dip-coating and c-f) microcontact printing (MCP) processes. 

The molecular alignments are simplified. In reality, there is a director gradient 

between planar and homeotropic orientations as a result of the helicoidal director 

alignment. 

After actuation with UV light to induce the planar areas to take higher 

positions, a microcontact printing process is conducted with a non-adhesive LC 

monomer mixture (Figure 5.4c-e) as the ink. The LC ink is then cured by the 

following photopolymerization. The ink is composed of 42 wt% 2, 50 wt% 3, 5 

wt% 5, 2 wt% 7 and 1 wt% fluorescent dye 9 (Figure 5.1). The relatively high 

viscosity of the LC ink prevents it from spreading to the whole coating surface. 

The fluorescent dye is blended into the ink to check the effect of the microcontact 

printing process. After a UV cure of the non-adhesive layer, the coating is 

illuminated with blue light (455 nm) to convert the azobenzene back into its 

trans- state, making the non-adhesive planar parts dented and converting the 

coating to the adhesive state.  
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Figure 5.5 | a) Fingerprint texture of the region of interest (ROI) under the 

polarized optical microscope with crossed polarizers. b) Correlated confocal 

fluorescent microscopic image of the same ROI, confirming the selective 

modification of the fingerprint coating with the non-adhesive fluorescent layer. c) 

Correlated topography image of the same ROI. d) 2D surface profile of the cross-

section indicated by the white line in c. 

The distribution non-adhesive top-coating is confirmed via correlating the 

polarized microscopic image, confocal fluorescent image, and topographic image. 

The birefringent planar areas in the polarized image (Figure 5.5a) coincide with 

the fluorescent areas in the confocal fluorescent microscopic image (Figure 5.5b), 

demonstrating the selective distribution of the fluorescent top-coating on planar 

areas from the microcontact printing process (Figure 5.4d, e). The topographic 

image shows the planar areas are lower than homeotropic areas with a height 

difference of around 100 nm.  

5.2.3 Topography inversion and adhesion switching 
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Figure 5.6 | a) Schematic illustration of the switch of two states of the dynmaic 

coating. The inversion of the surface topography tunes the adhesive homeotropic 

areas from protruding state to the dented state, switching the whole coating from 

adhesive state to non-adhesive state. b) 3D images and c) 2D profiles of the surface 

topographical inversion when the coating is illuminated with UV light. 

Upon UV light illustration, the surface topography is inverted, and the surface 

adhesion is correspondingly switched. After the dip-coating and microcontact 

printing processes, homeotropic areas remain higher than planar areas (Figure 

5.6c). Here the height value (150 nm) is slightly different from the value (100 nm) 

in Figure 5.5c,d. This is caused by the systematic deviation between different 

experiments and batches of samples. But with the verification of multiple 

experimental reproductions, experiments can be well controlled to make the 

homeotropic areas higher than planar areas with the height difference controlled 

in the range of 100-200 nm. Notably, the height difference value between two 

kinds of areas in the functional coating is smaller than the initial height 

difference value in the pristine as-prepared LCN coating, probably due to the 

uneven thickness of the adhesive polymer and the addition of an extra coating 

on above the initially lower planar areas in the microcontact printing process.  

The switch of surface adhesion is realized through the surface topographical 

inversion of the dynamic coating. Initially, the homeotropic areas with the 

adhesive layer are higher than the non-adhesive planar areas, and the whole 
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coating is in an adhesive state. Upon UV illumination, the trans-cis isomerization 

of the azobenzene crosslinker induces the order parameter reduction of the LCN, 

resulting in the rise of the planar areas and shrink of the homeotropic areas. As 

the deformation amplitude is larger than the height difference of two kinds of 

areas, the surface topography is inverted with a height difference value of 350 

nm (Figure 5.6).  In this actuated state, the non-adhesive planar areas are higher 

than the adhesive homeotropic areas, preventing the contact between the 

adhesive coating and target objects.  

We used a pulling test to quantitatively characterize the contrast between the 

adhesive and non-adhesive states. The functional coating on a glass substrate 

(area A ~ 2×2.5 cm2, depending on the exact size of the coating) was fixed on a 

testing stage (Figure 5.7a), and water (~2 mL) was dropped onto the coating to 

maintain a wet environment. A clean glass plate bonded with a soft tape on the 

other side was pressed onto the coating with a pressure of 2 N for 3 minutes 

before pulling. Notably, the adhesion between the soft tape and top glass is much 

stronger than the adhesion between the coating and top glass. The top glass was 

then pulled up at a speed of 0.2 mm/s. The applied force to pull up the clean glass 

was recorded during the whole process. The maximal applied force F was taken 

to calculate the adhesive strength P using the equation P=F/A. The non-adhesive 

property was measured with a similar process except for an additional UV 

exposure (100 mW/cm2) for 2 minutes before applying force to pull up the top 

glass. The result shows a considerable contrast between the pull strength of 

adhesive and non-adhesive states. The coating shows an adhesive strength of 6.1 

kPa in the adhesive state with a contrast factor of 10.9 to the non-adhesive state 

(0.56 kPa)(Figure 5.7b).  

 

Figure 5.7 | a) Schematic illustration of the setup for the measurement of pull 

strength. b) The contrast of pull strength in the adhesive and non-adhesive states 

in a wet environment. Three samples were tested for each data point. 
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5.2.4 Application for object manipulation underwater 

 

Figure 5.8 | Application of switchable coating for the pickup-transport-release of 

a metallic object. The coating on a glass substrate is used to approach (a, b), pick 

up (c) and transport (d) the copper pellet. Upon arrival at the destination, the 

adhesive coating becomes non-adhesive upon UV light illumination (e) and releases 

the pellet (f).   

Next, we demonstrate the application of the switchable coating adhesion in 

picking up, transporting and releasing objects underwater.  As shown in Figure 

5.8, after the coating in the adhesive state approaches a metallic pellet (8 g), a ~2 

N pressure is applied to make the pellet adhere to the coating (Figure 5.8a, b). 

After picking up and transport of the pellet to the destination (Figure 5.8 c, d), 

UV light (365 nm, ~100 mW/cm2) is applied to transform the coating into a non-

adhesive state. Upon a short exposure (1 second) to UV light, the pellet is 

released (Figure 5.8e, f). By illuminating the coating with 455 nm light, the 

surface topography can be recovered to the initial state, tuning the coating back 

to the adhesive state. With the reversible switch of surface adhesion, the coating 

can be used in the next pickup-transport-release working cycle.  

5.3 Conclusions 
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In this chapter we have developed dynamic coatings consisting of multiple 

areas with distinct surface adhesive properties, endowing the coating with UV 

light switchable surface adhesion. The switch of adhesion is achieved via the 

invertible surface topography of fingerprint LCN coating and the spatially 

selectively doping of DOPA-containing adhesive polymer. The key to achieving 

the functional switchable adhesive surface is the utilization of dichroic dye to 

control the homeotropic areas to be initially higher than planar areas and the 

following UV-responsive surface topographical inversion. Our experiments 

demonstrate that the dynamic coating with light-switchable adhesion can be 

used to develop the pick up-and-release transport system underwater. This 

approach could also be applied on the surface of devices underwater as smart 

skins. 

5.4 Experimental Section 

5.4.1 Materials   

Monomers 1 (((diazene-1,2-diylbis(4,1-phenylene))bis(oxy))bis(propane-

3,1-diyl) bis(2-methylacrylate)) and 2 (6-((4'-cyano-[1,1'-biphenyl]-4-

yl)oxy)hexyl acrylate) were purchased from Synthon Chemicals GmbH. & Co. KG.  

Monomers 3 (4-methoxyphenyl 4-((6-(acryloyloxy)hexyl)oxy)benzoate) and 5 

(2-methyl-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate)) were 

obtained from Merck GmbH. Dichroic dye 4 (1-(4-((4-((4-

butylphenyl)diazenyl)phenyl)diazenyl)phenyl)pyrrolidine, commercially called 

G205) was obtained from Hayashibara Biochemical Laboratories, INC., Japan. 

Chiral dopant 6 ((3R,3aS,6S,6aS)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-

(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate)) was purchased 

from BASF. Photoinitiator 7 ((phenylphosphoryl)bis(mesitylmethanone)) was 

purchased from Ciba. Adhesive polymer 8 was synthesized according to the 

procedure described in a previous report.[15] Coumarin 6, and 3-

(Trimethoxysilyl)propyl methacrylate (Silane A174) were obtained from Sigma-

Aldrich.  

5.4.2 Sample preparation  

The coating was prepared on silane-treated glass substrates. The glass was 

cleaned with ultrasonication in acetone and isopropanol for 10 min, respectively, 
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followed by a UV-ozone treatment for 20 minutes. 1 wt% silane A174 solution in 

isopropanol/water (v/v=1:1) solvent was spun to the clean substrate at a speed 

of 1500 rpm for 30 s, and the substrate was left on a 90 ℃ hotplate for 30 min 

for silanization reaction. The LC monomer mixture (Figure 5.1, 7wt% compound 

1, 40.4 wt% compound 2, 50 wt% compound 3, 1.3 wt% compound 4, 0.3 wt% 

compound 6, and 1 wt% compound 7) in dichloromethane with a concentration 

of 33 wt/v% was spun onto the silane-treated substrate at the speed of 1200 rpm 

for 30 s. The sample was photopolymerized using an EXFO S2000 with cut-off 

filter (>400 nm) to prevent the trans-cis isomerization of compound 1. During 

polymerization, a two-step polymerization was carried out: the sample was 

firstly illuminated using Ominicure EXFO S2000 with weak light (10 mW/cm2 at 

λ =440 nm) for 10 min, and then illuminated using stronger light (50 mW/cm2 at 

λ=440 nm) for 10 min for both sides of the coating, respectively. The sample was 

then subjected to the post-cure at 120℃ for 10 min to fully cure the monomers. 

The LCN coating was then soaked in ethanol for 1 h to remove the free dichroic 

dye and dried in a vacuum oven at room temperature. To coat the adhesive 

polymer, the LCN coating was treated with UV-ozone for 20 min and immersed 

in a solution of the adhesive polymer in methanol (50 mg/mL) at 30℃ for 10 min 

with a following dip-coating process. To perform the microcontact printing of 

non-adhesive part, the monomer mixture (42 wt% compound 2, 50 wt% 

compound 3, 5 wt% compound 5, 2 wt% compound 7 and 1 wt% compound 9, 

Figure 5.1) was spin-coated onto a clean silicon wafer to form a thin (~ 0.2 μm)  

ink layer. After treated with UV light (365 nm), the fingerprint LCN coating with 

higher homeotropic areas is pressed to be in contact with the ink layer for 30 

seconds. Afterward, the LCN coating was detached from the ink and then 

subjected to another photopolymerization to cure the ink. The sample was then 

illuminated with 455 nm light to have the homeotropic higher than planar areas. 

After this step, we finished the preparation process of doping the LCN coating 

with alternatively aligned adhesive/non-adhesive layers. 

5.4.3 Characterization 

The surface topographies were probed with the digital holographic 

microscope from Lyncee Tech. LED lamps from Thorlabs were used to emit the 

monochromatic 365 nm and 455 nm light. The microcontact printing of the ink 

with fluorescent dye 9 (Coumarin 6) was confirmed with the confocal laser 
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scanning microscope (CLSM, Leica SP8). The pulling test was performed using a 

tensile machine EZ-20 (AmetekTest) with a 100 N load cell. 
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Chapter 6. Combined Light 

and Electric Response of 

Topographic Liquid Crystal 

Network Surfaces 
Abstract  

In this chapter, we have developed robust liquid crystalline polymer coatings 

that exhibit sensitivity and dynamic reversibility towards multiple external 

stimuli including UV irradiation and electrical input. The coating spontaneously 

alters its surface topographic texture and thickness in response to each of these 

signals. The corresponding deformations are induced by the photo-/electro-

mechanical effect through order parameter reduction and anisotropic volume 

expansions. The deformation proceeds fast within several seconds both for 

activation and for the relaxation to the initial state upon switching the trigger(s) 

on and off. Light and the electric field can be applied either independently to 

excite the topography or in a synergistic manner to enhance the deformation 

amplitude. Upon elimination of the combined light and electric actuating trigger, 

the relaxation to the initial close to flat state follows a complex pathway. 

Depending on the order of stimuli removal, the topographic structure can be 

rapidly erased or kept in a bistable state. The results of this chapter are relevant 

for various fields, for instance, switchable friction, the release of objects and 

haptics where human perception can be affected, both in passive and dynamic 

manners. 

This chapter is partially reproduced from: 

Feng, W.; Broer, D. J.; Liu, D. Combined Light and Electric Response of 

Topographic Liquid Crystal Network Surfaces. Adv. Funct. Mater. 2020, 30, 

1901681.* 



Chapter 6     

91 

 

*Note: 

This is an open-access article under the terms of the Creative Commons 

Attribution-NonCommercial License, which permits use, distribution and 

reproduction in any medium, provided the original work is properly cited and is 

not used for commercial purposes. 



Combined light and electric response of topographic liquid crystal network 
surfaces 

92 

 

6.1 Introduction 

The structure of a coating surface is of critical importance functioning as the 

interface between a device and its environment.[1-4] Coatings that exhibit a 

variable surface structure are of special interest as they might change their 

appearance and contact mechanics, e.g. in response to changes in the 

environment or an applied trigger.[5-9] Various stimuli, such as light,[10-15] 

humidity,[16] heat[17-18] or electricity,[19-21] have been investigated to switch the 

surface properties and to achieve so-called smart functions. Consequently, 

various tasks can be performed with surface topographical actuation, ranging 

from object movement,[11, 22-23] self-cleaning,[19, 24-25] haptics[26-27] to biomedical[28-

31] and microfluidics applications.[32-34] However, despite their already smart 

behavior, new functionalities and actuation principles are desired.  For instance, 

the recent development of soft robotics requires combined sensing and 

actuation in a single device.[35] For this reason, a combined sensitivity for 

different stimuli both in sensing and actuation leads to new pathways for 

complex functions. For example, light as the trigger imparts a contactless and 

remote control that can be sensed locally and remotely, while electrical 

sensitivity allows easy integration in existing electronic devices to drive the 

actuation. More importantly, when the stimuli work in concert and interact with 

each other, more complex responses could be expected.[36-37]  

Although there have been some studies about multiple stimuli-responsive 

polymeric systems (e.g., micelles in solution),[38]  these stimuli functioned 

independently and there was no mutual interaction between them. Therefore, 

the orchestrated actuation of responsive systems by combining multiple stimuli 

in a sometimes independent and on-demand interactive way remains a challenge, 

which we will address in this chapter in terms of responsive surface mechanics 

of a modified liquid crystal network (LCN) coating. Here we choose an LCN 

coating with the polydomain configuration, fabricated via polymerization of LC 

monomers from a randomly ordered nematic phase.  By incorporating UV-

sensitive azobenzene groups and polar LC mesogens in the LCN coating, the LCN 

is responsive to both UV light and electric fields. By nature, the whole system is 

also sensitive to temperature variations, which can, for instance, be induced by 

high-frequency electric fields. The LCN domains of different molecular 

orientations (directors) will have different directional responses. Besides, there 

will be a multifold of domain boundaries and defect structures which are all 
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known to respond to the trigger in their specific manner with in-plane stresses 

resulting from changes in the scalar order parameter and volume expansion due 

to network oscillations. Of particular interest are the localized responses and 

their relaxation under different sequences of the respective administration and 

elimination of light and electricity. Moreover, it is of interest whether the 

amplitude of deformation can be enhanced when these triggers work in concert.  

6.2 Results and discussion 

6.2.1 Fabrication and actuation mechanism 

LCN coatings with a polydomain configuration were chosen to demonstrate 

the synergistic effect of UV light and AC electric field. They do not require a harsh 

clean-room environment and specific alignment conditions as in monodomain 

systems, while multiple localized actuation is acquired. To achieve sensitivity to 

multiple stimuli, the coating composition in Figure 6.1a is applied. The 

fluorinated dopant 1 induces the formation of multiple domains as its phase-

separated sub-micron entities act as nucleation centers to break the formation 

of domains of larger sizes.[12] The azobenzene derivative 2 endows the coating 

with UV light sensitivity through its trans-cis oscillation when exposed with UV 

light. The LC mesogens (3 and 5) with large dipole moment enhance the 

dielectric permittivity by which they contribute to a more pronounced 

deformation effect caused by the electric field. Monomer 4 is added to reduce the 

viscosity of the mixture and to expand on the processing temperature range. The 

LC mixture exhibits a nematic phase at room temperature, facilitating the 

fabrication process by spin-coating. After spin-coating, the monomer coating is 

photo-polymerized at room temperature with light wavelength>400 nm using a 

UV cut-off filter followed by a post-bake at 120°C. The polarized optical 

microscope images in Figure 6.1b reveal multiple optical retardation-related 

colors, confirming the polydomain configuration of the coating. Because of the 

local director variations of liquid crystals and corresponding surface tension 

gradients, as well as the director dependent polymerization shrinkage, the 

obtained surface is corrugated, with surface height differences of the order of 

300 nm.   
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Figure 6.1| Deformation principle of the multi-stimuli responsive coating. a) 

Chemical compositions of monomers for the fabrication of the polydomain LCN 

coating. b) Polarized optical microscopic image of a typical polydomain sample. (c) 

Illustration of the LCN coating on interdigitated electrodes. The electrodes on the 

glass are 3 µm wide and the gap between adjacent electrodes is 5 µm. d) Schematic 

illustration of the topographical deformation when the order parameter is 

decreased by UV light-induced azobenzene trans-cis isomerization and/or an AC 

electric field. It is notable that, the molecular alignments may also point out the 

plane. Reproduced with permission.[39] 

The LCN coating is firstly independently triggered by UV light and AC electric 

field. For electrical actuation, the 5 µm-spaced interdigitated electrodes on the 

substrate (Figure 6.1c) provide an in-plane AC electric field. Both UV light and 

the AC field are known to induce an LC order parameter reduction leading to 

shear stresses that escape by giving deformations into the direction orthogonal 

to the film surface. For UV light, the planar domains with molecular orientation 

in the plane of the coating absorb most of the incident light and their deformation 

amplitude is the largest, which is ascribed to the fact that the trans to cis 

conversion of azobenzene moieties is the largest when the azo is parallel the 
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electric vector of light. In contrast, the domains where the director is 

predominantly perpendicular tend to expand universally in the plane of the film 

and shrink in the direction orthogonal to the film surface.  Also, for the 

alternating electric field, the oscillation of LC mesogens induces the order 

parameter decrease with similar local expansion or contraction, as 

demonstrated in the uniaxially aligned LCN[20] and LCN with fingerprint 

configuration[19]. Consequently, the surface deforms in an irregular pattern 

related to domain sizes, their orientation and the director patterns in 

neighboring domains (Figure 6.1d).[12]  

To quantify the topographic deformation of the surface in response to UV light 

or an AC electric field, we define a modulation amplitude Ma being the maximum 

height difference between adjacent peaks and valleys divided by the coating 

thickness. Figure 6.2 presents the three-dimensional surface topographies and a 

two-dimensional cross-section under the various actuation principles. In the 

initial state, the surface was not flat and with minor corrugation due to the 

anisotropic polymerization shrinkage. When exposing the sample with only UV 

light (365 nm, 150 mW/cm2), the maximal deformation amplitude reaches a 

value of ~600 nm, which can be derived from the height differences between the 

valleys and peaks in the “initial” state and “UV light” curves in Figure 6.2e. 

Without light exposure but under an AC electric field (16 Vrms/µm, 900 kHz) the 

maximum height deformation is 680 nm, which can be derived from the change 

of height difference of x(Distance)=25 and 140 µm at different actuation states 

in Figure 6.2e, where x represents the lateral position in the cross-section profile. 

For a coating thickness of 7 µm, these data correlate to Ma values of 8.6% and 

9.7%. When the LCN is simultaneously actuated by the in-plane electric field and 

UV light, the maximal topographical deformation is enhanced to 1280 nm (Ma= 

18.3%), which corresponds to the sum of the deformations with the UV light and 

AC electric field alone. The enhanced deformation is further characterized by the 

height distribution histograms: the narrow histogram of the initial state (Figure 

6.3a) indicates a relatively flat initial surface, the distribution increases in width 

by light or AC field (Figure 6.3b,c), and has the widest distribution histogram 

when simultaneously actuated by UV light and AC electric field (Figure 6.3d). 

Negligible difference in dielectric anisotropy of the LCN is found with/without 

UV illumination. 
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Figure 6.2 | UV light and electric field orthogonally and synergistically actuated 

surface topographies. 3D images showing the surface topography of a) the initial 

state at RT, b) during UV illumination, and c) under an AC electric field (16 Vrms/µm, 

900 kHz), d) under combined UV illumination and AC field actuation. e) 2D cross-

section surface profiles at UV light, electrical actuation and with both stimuli. Here 

the x-axis (distance) refers to the lateral position of the data point in the selected 

cross-section. The thickness of the coating is 7 μm. Reproduced with permission.[39] 
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Figure 6.3 | Height distribution histograms of different states: a) initial un-

actuated state, b) UV actuated state, c) AC electrically actuated state, and d) 

combined UV and AC electrically actuated state. Reproduced with permission.[39] 

A remarkable aspect is that the deformation by light and electricity occurs at 

the same position overlapping with the initial surface topography. This becomes 

nicely obvious in Figure 6.2 where the initial hills become higher and the valleys 

become lower. A possible explanation can be found by analyzing the origin of the 

initial topographical curvature caused by polymerization shrinkage. The volume 

shrinkage of these materials can be easily as high as 4%.[40] In isotropic acrylate 

coatings, this is not well visible as the shrinkage occurs uniformly over the whole 

surface, as is also the case for anisotropic films with a uniform alignment. 

However, in our case, we have domains of locally different alignment and it is 

known that shrinkage is anisotropic with the highest shrinkage value parallel to 

the LC director.[40] This would mean that the orientation at the topographic hills 

is planar and at the valleys homeotropic, further confirmed by birefringence 

measurements. Upon reducing the order parameter, either by light, electrical 

field or temperature, the planar area will expand and the homeotropic area will 

shrink, thus amplifying the initial surface topography as shown in Figure 6.2b-d. 



Combined light and electric response of topographic liquid crystal network 
surfaces 

98 

 

6.2.2 Parameters investigation 

To better understand the actuation of the LCN, we investigated the influence 

of a set of parameters on the deformation amplitude, including azobenzene 

concentration, temperature, and electric field strength/frequency. Keeping all 

other parameters constant, the influence of azobenzene concentration was 

studied. In Figure 6.4 we plotted the strain versus the azobenzene concentration. 

It shows that already at 6 wt% of azobenzene the LCN exhibits a large photo-

mechanical effect at room temperature with UV light irradiation (150 mW/cm2). 

A relatively small amount of photo-responsive mesogens affect the surrounding 

mesogens through cooperative motions. Due to strong light absorption from 

azobenzene, with a higher concentration of azobenzene, a strong UV light 

intensity gradient is created in the film affecting the overall deformation. Due to 

the dichroism of azobenzene groups in LC, the trans-cis isomerization conversion 

of azobenzene is the highest in planar domains near the surface compared with 

homeotropic domains, enhancing the surface deformation at planar locations. 

But there is also a steeper gradient of UV light for samples with a high 

concentration of azobenzene, limiting the actuation effect of samples with higher 

azobenzene concentrations.[12] Moreover, as the order parameter S<1, there is 

also conversion from trans to cis azobenzene groups as a consequence of UV 

absorption by off-axis azobenzene moieties.  

 

Figure 6.4 | Influence of azobenzene concentration on the deformation amplitude 

at room temperature under the UV illumination (150 mW/cm2). Three parallel 

samples were measured for each data point.  Reproduced with permission.[39] 
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The influence of temperature on the AC field-induced topographical 

deformation is shown in Figure 6.5a. While stimulated with an electric field of 

12.7 V/μm (900 kHz), the maximum deformation amplitude is achieved when 

the environment (stage) temperature is around 50°C. At this temperature, taking 

the electrothermal effect at the highest frequency into consideration, the 

sample’s final temperature (around 80°C) in the electrical actuation state is in 

the glass transition regime of present LCN (Figure 6.5b). In the transition 

temperature range, as indicated also by tan∂, energy dissipation is maximal, 

leading to the largest deformation effect.    

 

Figure 6.5 | a) Influence of temperature on the deformation amplitude. Three 

samples were measured for each data point.  b) Dynamic mechanical thermal 

analysis of the LCN polymer film. Reproduced with permission.[39] 

 

Figure 6.6 | Influence of a) electric field strength and b) frequency on the 

modulation of the coating surface operated at 50℃. Three parallel samples were 

measured for each data point.  Reproduced with permission.[39] 
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The deformation amplitude increases monotonically with the electric field 

strength. From Figure 6.6, the threshold frequency to trigger the surface 

topographies is 300 kHz, and lower frequencies trigger negligible deformation. 

At a fixed stimulating electric field strength of 12.7 V/μm, the deformation 

amplitude reaches a plateau (Figure 6.6b).  

6.2.3 Photothermal and electrothermal effect 

Recently we noticed that upon actuation by light and electric fields the 

influence of temperature cannot be ignored.[21, 41] Light heats up the sample via 

light absorption by azobenzene moieties. High-frequency electric field also leads 

to dielectric heating when dipoles try to team up with the alternating E field, as 

already discussed in Chapter 2. One may argue that the topographical 

deformation in this system predominantly comes from the dielectric heating, 

instead of photo/electromechanical effects. To bring this into perspective, we 

mapped the influence by in-situ measuring the temperature under stimulation 

conditions.  We restricted the UV intensity at around 150 mW/cm2 to avoid 

considerable photo-thermal effect and assure the photo-mechanical 

deformation dominates over photo-thermal deformation. Experiments show 

that under our illumination condition, the temperature of samples increases by 

only 2°C, corresponding to negligible topographical deformation. The heating 

effect is smaller than normally measured in free-standing films thanks to the 

relatively thin coating (7 µm) and the glass substrate acting as a heat sink. The 

maximal photomechanical effect is 8.6%. While for electrical actuation (16 V/μm, 

900kHz) operated at room temperature, the sample temperature increment by 

dielectric heating effect is measured to be 50°C. In comparison, we use a heating 

stage to provide thermal stimulation. By probing the temperature of the sample 

with an IR thermometer, the sample heated to the same temperature as 

electrothermal effect gives an Ma value of 3.1% (Figure 6.7), which is smaller 

than the electrically actuated amplitude Ma  of 9.7% although the electrothermal 

effect cannot be ignored. The deformation amplitude from the electro-

mechanical effect is therefore calculated to be 6.6%.  
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Figure 6.7 | Summary of contributions to the surface deformation from each 

component by two-trigger actuation at room temperature. Three parallel samples 

were measured for each data point.  Reproduced with permission.[39] 

6.2.4 Cooperative actuation effect by UV light and electric 

field 

In this dual-stimuli responsive system, UV light and AC electric field address 

the same domains in the same manner and add up when they are applied 

simultaneously. The 3D view, POM image and the deformation amplitude of each 

domain are shown in Figure 6.8a, b, respectively. The deformation amplitude 

profile of various domains (Figure 6.8c) is obtained by subtracting the initial 

topography from that in the combined UV and AC field actuated state.  

To investigate the deformation kinetics, we selected two domains with the 

largest deformation amplitudes to monitor their height evolution in time. The 

effective birefringence of domain 1 is measured with a Berek compensator to be 

0.030 indicative of a near-homeotropic alignment with a small off-axis tilt from 

the normal. Domain 2 has an effective birefringence of 0.134, indicating a near-

planar alignment with a  small tilt angle from the in-plane axes.[42] The 

cooperative effect of UV light and the electric field is accompanied by the 

consecutive reduction of order parameter S, indicated by the effective 

birefringence change of a uniformly aligned sample (planar alignment):  the 

effective birefringence decreases from 0.134 to 0.119 with UV illumination alone, 

to 0.116 with AC electric field actuation alone and to 0.096 with both stimuli 

(Figure 6.9). 
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Figure 6.8 | Formation and relaxation of the surface topographies as a function of 

the actuation sequence as monitored at a near-planar and a near-homeotropic 

domain.  a) 3D view of the surface topographies of the analyzed area. b) Polarized 

microscopic image before actuation with an indication of the location of the planar 

(1) and homeotropic (2) domain. c) Deformation amplitudes of the same area 

under UV/AC field actuation. Reproduced with permission.[39] 

 

Figure 6.9 | Effective birefringence change of a uniformly aligned LCN coating 

with planar alignment measured with Berek compensator, and the corresponding 

local color induced by optical retardation of the sample between crossed polarizers. 

The thickness change of LCN in the actuation process has been considered in the 

calculation of the birefringence. (a) Initial state. (b) AC electric field actuated state. 

(c) UV light actuated state. (d) AC electric field and UV light actuated state. 

Reproduced with permission.[39] 
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We measured the deformation kinetics with the Digital Hologram Microscope 

(DHM). Time-resolved deformation monitoring of two domains indicates that 

the deformation amplitudes triggered by UV light and electric field add up under 

the conditions chosen (Fig. 6.10a-c), which is rarely reported in other stimuli-

responsive systems.[38] In the process of relaxation upon removal of the stimuli, 

the deformation behavior of the coating strongly depends on the order in which 

each stimulus is removed. If the UV light is removed while the AC field is still on, 

the deformation caused by the UV decays rapidly and there is no residual 

deformation after also the AC field is switched off, as shown in Figure 6.10a and 

6.10d. In contrast, when the UV light is switched off in the absence of the AC field, 

there will be a large residual deformation (Figure 6.10b-d), due to the relatively 

slow thermal relaxation rate of the cis-azobenzene. However, we found that 

when the AC field is switched on during this process of slow relaxation, the UV-

induced residual deformation is rapidly erased.  

 

Figure 6.10 | Dual actuation of multidomain LCN coating. a,b,c) Set of different 

sequences of UV and AC field actuation and the influence of the sequence of their 

elimination on the relaxation. Reproduced with permission.[39] d) Illustrative 

scheme of the actuation and stimuli withdrawal processes. The deformation 

behavior depends on the elimination order of the stimuli. 

To elucidate these phenomena, we performed UV-vis absorption spectra 

studies on the conversion of azobenzene moieties in the LCN coatings. Figure 

6.11a shows the absorption of the azobenzene groups in the photo-stationary 
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dark state and momentarily after UV irradiation. Figure 6.11b correlates the rate 

of conversion of the azobenzene as indicated by the absorption band measured 

at 365 nm with the relaxation process of mechanical deformation, which is 

zoomed in from a similar scenario of t=250 s to 350s in Figure 6.10b. The “Height 

1” and “Height 2” curves show the response of selected planar and homeotropic 

domains, respectively. Experimentally, for pretreatment, the coating was first 

irradiated with UV light to deform the surface topography. At t=0, the UV light 

was switched off, and the topographical deformation caused by the UV light still 

exists due to slow cis-trans isomerization of azobenzene groups. At t=5 s, the 

electric field is turned on and the topographical deformation is firstly enhanced 

in the period of 5 s to 15 s by the electric field-induced network oscillation, which 

turns the homeotropic domain to be lower (“Height 1”) and the planar domain 

to be higher (“Height 2” curve). Meanwhile, due to the high temperature caused 

by the electro-thermal effect, the cis isomers are continuously isomerized back 

to trans isomers, as shown in the time-resolved absorption curve for 365 nm 

(Figure 6.11b). As a result of the back isomerization, the remaining 

photomechanical effect gradually decays, resulting in the backward of the 

actuation effect and leaving behind only the electromechanical actuation from 

t=15s to 120s in Figure 6.11b. By comparing the electricity-induced cis-trans 

isomerization kinetics with that caused by the purely thermal effect when heated 

to the similar temperature (Figure 6.11c) in the absence of the AC field, these two 

isomerization rates correlate well with each other in Figure 6.11d, indicating that 

the cis-trans isomerization is allowed by the electrothermal effect.  
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Figure 6.11 | a) UV-vis spectra of LCN containing trans- and cis-azobenzene 

groups. b) Correlation between cis-trans azobenzene isomerization kinetics and 

topographical deformation kinetics. The topographical deformation was locally 

measured with DHM while the UV-vis measurement was conducted integrated over 

the surface area with a photospectrometer. c) Sample temperature image when 

actuated with AC electric field. d) Investigation of cis-trans isomerization kinetics 

of azobenzene groups when triggered by electrothermal effect and the same 

temperature provided via a hot plate. Reproduced with permission.[39] 

6.3 Conclusions 

By combining light and electrically responsive properties of liquid crystal 

polymer networks, we demonstrated orthogonal and synergistic switch of the 

LCN coating topography in response to UV light and AC electric field. When 

actuated, the deformation by one trigger can be enhanced by the other. In the 

stimulus withdrawal process, the deformation behaviors depend on the 

withdrawal order of the stimuli, surpassing a simplistic on/off binary switching 

mode compared with conventional multi-responsive polymers. This strategy 

enables the integration of two independent stimuli (UV light and electric field) 

into elaborate dynamic actuation and complex functions. The on-demand switch 

of the surface structures can be manifested change in the surface friction 

coefficient.    
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6.4 Experimental section 

6.4.1 Materials 

Fluorinated monomer 1 was purchased from Sigma-Aldrich. Photo-

responsive monomer 2 was obtained from Syncom (Groningen). Liquid crystal 

monomers 3, 4 were obtained from Merck. 5 was supplied by Philips Research 

Laboratories.  Photoinitiator 6 was provided by Ciba Specialty Chemicals.  

6.4.2 Sample preparation 

The substrates with interdigitated electrodes were cleaned with sonication in 

acetone and isopropanol for 5 minutes, respectively, and then subjected to UV 

ozone for 20 min. The substrates were then treated with 

methacryloxypropyltrimethoxysilane (silane A174) using a dip coating method 

to promote adhesion of the LCN polymer to the glass substrate. The liquid crystal 

monomer dissolved in THF (25 wt%) was spin-coated on the substrate at 1000 

rpm for 30 seconds (acceleration rate 50 rpm/s). Afterward, photo-initiated 

polymerization was conducted in a nitrogen atmosphere by exposure with a 

mercury lamp (Omnicure EXFO S2000) at 36°C for 40 minutes and a posture at 

120˚C for 10 minutes. A cut-off filter (light wavelength>400 nm) was placed 

between the light source and sample to avoid the trans-cis isomerization of 

azobenzene groups during polymerization.  

6.4.3 Characterization  

The thickness of the coating was measured with an interferometer (Fogal 

Nanotech Zoomsurf). The polydomain configuration was checked by a polarized 

optical microscope (Leica DM2700). The dynamic surface topographies were 

characterized with the Digital Holographic Microscope (Lyncée Tec). LED lamps 

(Thorlabs, M365L2) were used to provide monochromatic UV light. The AC 

electric field with sinusoidal wave function was provided by a function generator 

(Tektronix AFG3252C) and amplified by an amplifier (Falco Systems WMA-300) 

while measured with an oscilloscope (Keysight Infinii Vision DSO-X 3032T). The 

height distribution was obtained from the surface topography images by 

calculating the portion of pixels of every height to the total pixel number of the 

whole image, and the accumulative ratio was obtained by accumulatively 

summing up the ratio of every height value. 
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Chapter 7. Technology 

Assessment 
 

 

Abstract  

In this chapter, possible applications derived from electroactive LCN coatings 

with switchable surface topographies are presented. We will also discusse 

possible technical challenges in future applications.  
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7.1 Introduction  

In the foregoing chapters, the electric field/light-induced surface 

topographical deformation of LCN coatings is presented and their applications in 

dry cleaning, switchable friction, and switchable adhesive surfaces have been 

introduced. But coatings made of LCNs show the prospect of doing much more. 

Many functional devices have been developed by using smart stimuli-responsive 

coatings.[1-13] Correspondingly, or even more extensively, the electrically 

responsive dynamic LCN coatings with switchable topographies show potentials 

in various fields. In this chapter, we will select several fields and discuss possible 

applications and challenges toward these applications.  

7.2 Possible applications and challenges 

7.2.1 Remotely controlled dry-cleaning in solar panel 

plants 

In Chapter 2 we gave a proof-of-concept demonstration of the electrically 

driven topographical deformation of LCN coatings. It is promising for the 

application of removing dust without water in dry rural regions, for example in 

cleaning photovoltaic cells in the desert-based solar farms or for cleaning 

equipment during extraterrestrial missions. For the application in practical 

scenarios, however, several issues need to be resolved. 

7.2.1.1 Surface modification 

In the experiments in Chapter 2, the sizes of sand grains are around 0.25-0.50 

mm (Figure 7.1). In the arid desert or on Mars, some sand particles are of smaller 

size (~0.01 mm).[14] For the particle smaller than 100 μm, the electrostatic 

interaction must be considered because particles may stick to LCN coating 

surfaces due to electrostatic forces.  Since microscale sized soil grains are usually 

negatively-charged,[15-16] a possible solution to alleviate the electrostatic effect is 

to modify the LCN coating with negatively charged polymers, for instance ionic 

polymers or oligomers. The electrostatic repulsion may help to reject small-sized 

negative-charged particles. 

https://context.reverso.net/translation/english-dutch/extraterrestrial
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Figure 7.1| Microscopic image of the sand particles used in chapter 2 for dry-

cleaning demonstration. The sand grains are of sizes of around 0.25-0.55 mm. 

Reproduced with permission.[17] Published by WILEY-VCH. 

Abrasion-resistant: To prolong the lifetime of the LCN coatings in the desert 

with abrasive storms, another issue is to protect the LCN coatings with an extra 

abrasion-resistant transparent top coating. However, this top coating should also 

be flexible enough to allow the topographical deformation.  

Wet environments: Certain modification of coating surfaces is needed to 

break capillary forces between sand particles and LCN coating surface in wet 

environments. Some preliminary experiments with a fluorinated top layer 

proved to be rather effective.  

Tilt angle-independent: One may wonder how this device works regardless 

of the angle of the tilted stage, even on a horizontal stage. For this problem, the 

possible solution is to introduce the ratchet-like structures into the initial surface 

topography. In detail, similar to the previous work of generating ratchet-like 

structures with variations of coating thickness in hydrogel coatings (Figure 

7.2),[18] similar structures can be designed in the LCN coating system. Upon 

actuation, we can anticipate the surface to switch from flat to periodic wedge 

structured.  
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Figure 7.2 | Schematic overview of the processing steps used to produce thermally 

responsive surface topographies via prestructured substrates. a) A substrate with 

periodic wedge structures. b) A flat poly(N-isopropylacrylamide) (pNIPAAm) 

coating is formed on the substrate. The patterned variation in the coating thickness 

is thus introduced. c) Upon actuation, the variations in coating thickness transfer 

to surface topographies. Reproduced with permission.[18] Copyright 2013, 

American Chemical Society (ACS). 

7.2.1.2 LCN alignment  

The cost of functional coatings is an important factor in potential applications. 

For the mass production of large-scale devices, the spin-coating method suitable 

for the small-scale fabrication in the laboratory is not a satisfactory approach, as 

a large portion of materials is wasted in the spinning process. A possible solution 

is to replace the fingerprint configuration with the polydomain configuration as 

demonstrated in Chapter 6. Polydomain samples are more facile to fabricate with 

printing or curtain coating methods and do not require harsh clean substrates 

and alignment layers. 

7.2.2 Switchable surface friction 
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Figure 7.3 | Sliding experiments of two LCN coated glass plates. a) The coating 

surface without actuation shows a small critical sliding angle of 31°. While the 

surface is actuated by b) an AC electric field or c) UV light independently, its critical 

angle increases to about 51°. d) With both UV and AC field, the actuated surface 

show quite large critical sliding angle of 85°. e) When the UV light is switched off 

in the absence of the AC electric field, the residual topographical deformation 

renders the surface a large critical sliding angle. f) When the UV light is switched 

off before withdrawal of the AC electric field, the surface has the same critical 

sliding angle as the un-actuated state due to the full recovery of surface topography. 

Reproduced with permission. [19] Published by WILEY-VCH, 2020. 

Coatings with switchable surface topographies can also be used to develop 

devices with tunable friction coefficient since the friction force is greatly affected 

by the surface roughness. Using the responsive coatings described in Chapter 6, 

we have developed a switchable device with multiple tunable surface friction 

coefficients, depending on the actuation condition. In this example, sliding 

experiments were performed to demonstrate tuneable friction by UV light and 

AC electric field. Here we define the static friction coefficient defined as μs =tan 

θc, in which θc is the critical sliding angle at which the glass plate starts sliding 

(Figure 7.3). In the initial state, the surface is relatively flat and the surface 

friction is small with θc =31° (μs=0.58). With either AC field or UV light applied 

independently, θc increases to 52°(μs=1.28) and 51° (μRs=1.23), respectively. 
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When the AC field and UV are applied simultaneously, θc reaches 85° (μs =11.43), 

indicating good interlocking of two coatings.  

Upon removal of stimuli, the friction change is in a sequential logical manner, 

depending on the order of stimuli removal. The friction output not only relates 

to the current input but also influenced by the input history. When the UV light 

is removed after the removal of AC field, the friction remains unchanged, 

rendering the system a critical angle of 50°. This residual effect can be erased by 

the electric field. When the UV light is withdrawn in the existence of an AC field, 

there is no residual effect in the surface friction, and the critical sliding angle is 

almost the same as that of the un-actuated initial state (Figure 7.3f). 

7.2.3 Manipulation of droplets  

Manipulation of liquid droplets is an important fundamental issue in many 

fields. Depending on surface topographies/structures, droplets show different 

wetting behaviors, such as anisotropic wetting and slipping.[20-29] In previous 

studies, water droplets are reported to exhibit anisotropic wetting behaviors on 

surfaces with periodic square/grooved microstructures,[20] and even persist in 

different shapes depending on the shape of the microstructures(Figure 7.4a-

c).[21] Scientists also have employed mechanical compression to change surface 

topographies and consequently switched anisotropic/isotropic wetting states 

and critical sliding angles of water droplets on tilted stages.[29] Other relevant 

applications in droplet manipulation include the transition of wetting states 

(Wenzel, Cassie-Baxter, and Cassie-impregnating states) by changing surface 

topographies,[30-31] and anisotropic sliding behaviors.[32-33]   
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Figure 7.4 | a, b) Images of water droplets (2 μL) on samples with a periodic 

square microstructure with poly(ethylene-alt-tetrafluoroethylene)(ETFE) in the 

pristine state and after modification with neutral poly(vinyl(N-methyl-2-

pyridone)  (PVMP), weak polyelectrolye  poly(4-vinylpyridine) (P4VP) or ionic 

poly(N-methyl-vinylpyridinium)(QP4VP) polymer brushes. Reproduced with 

permission.[20]  Copyright 2012, American Chemical Society (ACS). c) Microscopic 

images of various drop shapes on different types of lattice and post shapes, with a 

magnification of the posts for each surface geometry. The black scale bar indicates 

20 μm. Reproduced with permission [21] Copyright 2012, The Royal Society of 

Chemistry (RSC).  

Dynamic surfaces made of LCNs are promising in this research field. With 

photo-alignment methods, Hendrikx et al. demonstrated the generation of strip-

shaped protrusions triggered by UV light using an LCN coating consisting of 

orthogonally aligned planar domains (Figure 7.5a, b).[34-35] Upon actuation with 

UV light and reducing the order parameter of azobenzene-containing LCNs, 
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stripe-shaped protrusions emerge where the LC director is perpendicular to the 

domain border. Areas become dented where the LC director is parallel to the 

domain border (Figure 7.5c,d).[35]  

 

 Figure 7.5 | a) Polarized micrographs of the azo‐LCN acrylate at different 

polarization angles of the polarizer (P) and analyzer (A). b) Graphical 

representation of the line pattern alignment of the azo‐LCN coating. The red 

arrows indicate the stress induced by UV light as a result of the alignment. c, d) The 

surface topography of the LCN-acrylate bilayer in the initial state (f) and the UV 

light-actuated state (g). Reproduced with permission.[35] Published by WILEY-VCH. 

In principle, droplets can also be manipulated with electrically responsive 

dynamic surfaces. But there are some issues to be considered and resolved, such 

as the deformation amplitude, choice of stimuli and the topography/alignment 

pattern.  

7.2.3.1 Deformation amplitude 

In most of the previous reports regarding the change of droplet wetting 

behavior, protrusions and grooves are at the scale of several to tens of 

micrometers in height. However, for LCN coatings developed up to now, the 

deformation amplitude is at the scale of hundreds of nanometers, which appears 

to be less than the desired value. Therefore, it is necessary to amplify the 
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deformation before the practical application of electrically responsive LCNs in 

these fields. The possible working directions include tuning chemical structures 

of LC monomers with large dipole moments to increase the dielectric constant of 

the LCN and optimizing the crosslinking density of LCN coatings as indicated in 

Chapter 3.   

7.2.3.2 Alignment pattern  

Notably, for the LCN coatings adhered to the rigid substrates, the stress 

induced by order parameter reduction fades out laterally from the border of 

adjacent domains. Consequently for samples consisting of orthogonal 

alignments, if the pitch is too large (~200 μm), the deformation would be 

concentrated in the border regime, as demonstrated in Figure 7.6a,b. One 

method to alleviate this complicated geometry is to use elastomeric substrates, 

as described in a previous report.[35] To pattern electrodes on elastomeric 

substrates for electrical actuation, extra techniques, for example, stencil printing, 

flexographic printing or inkjet printing can be considered.[36-37]  

 

 Figure 7.6 | Snapshots of the videos depicting the 3D image of the coatings 

captured using digital holographic microscopy. Initial quasi-flat (a and c) and 

maximum topographic states (b and d) of the coatings with orthogonal 0°/90° 

patterned domain sizes of 100 μm (a and b) and 20 μm (c and d). Reproduced with 

permission.[34] Published by The Royal Society of Chemistry (RSC). 

Except for surface topography, the polarity of surfaces may also be altered as 

a side effect. For example, in the UV light-sensitive LCN system, the surface 

polarity increases because of the trans-cis isomerization of azobenzene.[38] For 
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electrical actuation, one should also be wary of the electrothermal effect that may 

change the surface tension of liquids. 

 7.2.4 3D displays  

Another possible application of the electrically responsive LCN coatings is the 

3D display. Currently, most LCDs are two dimensional that just output optical 

signals by setting certain pixels to be black/colorful. With the electrically 

responsive LCN coatings, we can anticipate the invention of truly 3D displays, 

which can be achieved with the principle by using the switchable topography as 

deformable microlens (arrays). One can imagine beam steering on the pixel level 

to address each eye of the viewer with appropriate information in combination 

with an eye-tracking system. Or even, when coherent light sources are used, to 

control spatially localized interference effects to form holographic 3D images by 

tuning the focal length of microlens made of deformable liquid crystal networks. 

Technically, this can be realized with the active matrix technology by spatial-

selectively actuating LCNs, because the uniformly aligned homeotropic LCN in 

the gap areas between adjacent electrodes tends to protrude out in the 

alternating in-plane electric field.[39]  To alleviate and eliminate the blinking 

phenomenon of displays, the switching rate should be 100 to 1000 times faster 

than the switching speed of present LCN coatings (~0.1 Hz, as shown in Chapter 

2) to enter the eyes-desired 100 Hz region. To meet the demand of diffraction for 

the application with relatively small deformation of lens, the Fresnel-shape lens 

can be considered in the application. 

 7.2.5 Smart windows with switchable transmittance  

Micrometer-sized surface wrinkles will scatter light and decrease the 

transmittance. Based on this principle, researchers have developed various 

methods to switch the transmittance of elastomeric films, such as mechanical 

stretch,[40-41] temperature,[42] light[43-45], and electricity.[46-47]  Figure 7.7a shows 

the switch of the clear/translucent states of PDMS films. When released, the 

hierarchically structured microwrinkles with nanopillars appear and scatter 

visible light. While strained, microwrinkles on the elastomeric film disappear, 

leaving behind only nanopillars and making the film transparent.[40]  
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Figure 7.7 | a) Transmittance change of the multiscale structured PDMS films 

from opaque (left) to transparent (right) corresponded to strain changes from 0% 

to 30%. Reproduced with permission.[40] Copyright 2010, Wiley-VCH. b) Strategy 

for a reversible wrinkle pattern based on a reversible Diels–Alder reaction. Optical 

images of the reversible wrinkled surface overlaying “SJTU” printed paper 

demonstrate the reversible switching capability of transmittance between 

optically transparent (left) and opaque (right) that correspond to wrinkled pattern 

and wrinkle-free state of the film. Reproduced with permission.[42] Copyright 2016, 

Wiley-VCH. 

Another strategy is to use bilayer systems. For example, by using the 

reversible Diels–Alder (D-A) reaction to form a hard layer on top of the soft 

PDMS layer, upon cooling after the D-A reaction, the mismatch in mechanical 

moduli between two layers drives the formation of microwrinkles, scattering the 

visible light and switching the coating to opaque (Figure 7.7b). While using the 

retro D-A reaction to de-crosslink the hard top layer, microwrinkles are 

eliminated.[42]  

One extra strategy to enhance the light scattering is to coat materials of a high 

refractive index on top of the wrinkled surface. Recently Lau et al. coated both 

sides of dielectric elastomer with PEDOT:PSS polymeric electrodes and TiO2 

nanometric thin films to demonstrate the electrically tunable optical surface 

scattering effect (Figure 7.8).[46] The highly transparent TiO2 nanometric thin 

film has a higher refractive index, contributing to the strong surface scattering of 

visible light when the elastomer surface is with microwrinkles. 
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For electrically responsive LCN coatings, we envision that the surface 

topographical deformation can also be used as smart windows with switchable 

transmittance by changing the surface from a flat state to a wrinkled state. By 

inducing the surface topography from a flat state to the rough state, the coating 

would turn from clear to translucent. Notably, the periodicity of wrinkles should 

be at the submicrometer scale and the wrinkle height should be large enough 

(hundreds of nanometers to several microns). A possible method to enhance the 

light scattering is to add a top coating with a high refractive index similar to the 

previous report,[46] or to combine with a polarizer to enhance light deflection.  

 

Figure 7.8 | Smart window based on the electric unfolding of microwrinkled TiO2 

22nanometric films: a) switch between hiding or revealing of a pattern on a liquid 

crystal display, b) working principle of tunable light scattering from microwrinkled 

surfaces and voltage-induced unfolding by a dielectric elastomer actuator, c) 

topography change from microwrinkles to unfolding. Reproduced with 

permission.[46] Copyright 2018, American Chemical Society (ACS). 

 7.2.6 Haptics 

The dynamic LCN coatings can also be used in the field of haptics to impact 

feelings of users, by using the method of pressure or surface 

vibration/motion.[48-50] The feedback from haptic devices can serve as the carrier 

of tactile information, such as the size, shape, or depth of textures. [51-52] By 

integrating the dynamic coating with digital techniques to spatially control 

activated areas, we can anticipate the development of haptic devices with 

tunable surface textures. A related practical application is the Braille display. For 

the visually impaired, the specific readable books are usually of large sizes 

(Figure 7.9). The electroactive liquid crystal polymers could be integrated into a 

digital Braille device as interactive coatings simultaneously outputting haptic 
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signals. For this application, the delicate design of circuit diagrams will be 

needed.[53] Moreover, the required voltage for the actuation of liquid crystal 

polymers should be low for users’ safety, which demands further optimization of 

liquid crystal polymer compositions.   

 

Figure 7.9 | A blind person reading the book in the braille alphabet.[54] 

7.3 Conclusions 

Table 7.1 | Summary of possible applications using LCN  coatings with switchable 

surface topographies and corresponding technical requirements 

Applications Height of 

structures 

Lateral size of 

structures 

(periodicity) 

Switching 

rate 

References 

Dry cleaning >100 nm Depending on the 

size of the dust 

- [17, 55] 

Surface friction >500 nm >10 μm - [19, 56] 

Controlled liquid 

(anisotropic) 

wetting/sliding 

5~500 μm >5 μm - [21, 24, 26, 33, 

57-59] 

3D displays Depending on 

focal length and 

refractive index 

Depending on 

resolutions 

>24 Hz, ~100 

Hz preferred 

[60-61] 

Smart windows >500 nm 200 nm~5 μm  ~several 

seconds 

[12, 40, 43, 46] 

Haptics >200 μm  ~mm ~1 s [48-51] 
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In this chapter, we summarized possible applications and technical 

challenges to be solved when integrating responsive LCN coatings into functional 

devices, especially with the electric field as the stimulus. A continuation of 

research is needed in aspects of material optimization and device design.  For 

some practical applications, such as controlling liquid droplets’ behaviors and 

haptic applications, the deformation amplitude needs to be enhanced to the 

micron or sub-millimeter scale. For some applications, the liquid crystal domain 

size needs to be refined.  For example, to develop smart windows, the periodicity 

of corrugations should be at the submicron scale. 
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Summary 

Topographical Deformation of 

Electro/light-active Liquid Crystal 

Coatings 
The micro-scale topography is an important element of how a coating looks 

and feels. Besides, it adds other properties and functionalities to a surface, such 

as self-cleaning, surface friction and wetting of liquids. By making the 

topographic surface elements dynamic with an external stimulus, these surface 

functions can be regulated.   

With the renowned application in liquid crystal displays (LCDs), liquid 

crystals (LCs) represent a kind of material that responds to the electric field by 

rotation in line with the electrical field lines. In this thesis, we employ 

polymerized LCs to give them solid properties. But different from low molecular 

weight LCs in LCDs, the response of cross-linked liquid crystal polymers to an 

electric field is more static and gives rise to other phenomena of interest for new 

applications. In this thesis, the mechanism of electrically driven oscillation of 

liquid crystal network (LCN) coatings is postulated. Based on this, electroactive 

surfaces with dynamic topographies are developed. These coatings change the 

roughness in response to electric fields. Besides, combining this effect with the 

stimulation of light, an enhanced topographical response and sequential logic in 

the process of stimuli removal is demonstrated. Functional devices based on 

these dynamic coatings are further developed for various applications, such as 

dry cleaning, switchable surface friction and adhesion. The details are described 

as follows: 

Chapter 1 gives an overview of exemplary applications of functional surfaces 

in various fields, such as self-cleaning, switchable liquid wetting, object 

manipulation, and switchable adhesion. Representative studies on switchable 

surfaces using liquid crystal polymers are reviewed and the principle of electro-

active LCN coatings is postulated. 

Chapter 2 discusses the topographical deformation of LCN coatings with 

fingerprint configuration under electrical stimulation. Engineered by the 
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twisting force from a chiral dopant and the vertically aligning force from the 

homeotropic polyimide, LC molecules self-assemble into a fingerprint texture 

with alternating aligned homeotropic and planar orientations. After 

polymerization, the LCN coating is subjected to electrical stimulation using 

interdigitated electrodes. With electrical stimulation, LC mesogens oscillate with 

the alternating electric field owing to the electric torque exerted on the 

mesogens. Therefore, the order parameter of the LCN is reduced, resulting in 

directional stress in LC domains. The directional stress induces the homeotropic 

areas to dent and planar areas to protrude, leading to the overall surface 

topographical deformation. The application of the device with electro-active 

surface topographical deformation is demonstrated in remotely controlled 

removal of sand from a sample surface attached to a tilted stage, which could be 

used for cleaning tilted solar panels of solar power plants in the rural desert.   

Chapter 3 investigates the factors influencing the deformation amplitude of 

electro-active surface topography of the fingerprint LCN. Investigated factors 

include the crosslink density, cross-linker species, fingerprint pitch, and the 

polarity/polarizability of LC monomers.  

Regarding Chapter 4, in preliminary experiments the surface topographies of 

different as-prepared fingerprint LCN coatings are rather random: in some 

samples, the homeotropic areas are higher than planar areas while in other 

samples the opposite situation applies. Therefore, a method is developed using 

a dichroic photoinitiator or dichroic dye to control the relative height between 

homeotropic and planar orientations during polymerization.  

In Chapter 5, coatings developed in Chapter 4 are employed to develop 

responsive surfaces with switchable adhesive properties. Here extra azobenzene 

derivatives are incorporated into the coating to endow the coating with light-

sensitivity. Homeotropic and planar areas of the LCN coating are respectively on-

top modified with extra adhesive and non-adhesive layers. Initially, the 

homeotropic areas with adhesive layers are higher than planar areas, rendering 

the whole coating to be in an adhesive state.  Upon UV light illumination, the 

azobenzene undergoes trans-cis isomerization and the reduction of order 

parameter leads to an indentation of the homeotropic areas and a rise of the 

planar areas. Eventually, the height of planar areas with the non-adhesive top 

coating exceeds the homeotropic areas, leading the switch of the surface from 

the adhesive to the non-adhesive state when in contact with a flat surface.  
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In Chapter 6, light and electric field dual-responsive LCN coatings are 

developed. Upon simultaneous UV light and electrical stimulation, an enhanced 

surface deformation is manifested with the amplitude being the sum-up of either 

stimulation. When the stimuli are switched off, the deformation behaviour not 

only depends on the currently applied stimulus but also the history and order in 

which the stimuli are applied or removed. An example is the electrothermal 

effect that accelerates the cis-trans back-isomerization of azobenzene groups. 

In Chapter 7, prospects and challenges for stimuli-responsive dynamic 

surface coatings are summarized and discussed.  
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