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General Introduction

Nature, after millions of years of evolution, mutation and competition, presents com-
prehensive examples and paradigms of sophisticated material behavior, from which
humankind can learn. Bio-inspired systems now attract a lot of attention due to the
possibility of mimicking nature with the help of current sophisticated technologies.
Numerous studies have aimed at reproducing the complex mechanisms originating
from nature in the design of new generations of advanced materials and to extend
them into realistic engineering applications.

All living organisms, including Flora and Fauna, feature special (sometimes unique)
physiological structures and morphologies, reaching a delicate equilibrium with the
ambient environment. On one hand, they sense external changes and stimuli and
react in a short-term spontaneous manner. On the other hand, they interact with
the environment through a coordinated response, adapt and evolve themselves to
accommodate the environmental change, and finally influence the environment to
achieve certain functionalities on a longer term. In order to emulate this automatic
and responsive behavior, researchers have been endeavoring to unearth the underlying
mechanisms and invent artificial materials that reproduce nature’s mechanisms and
functionality.

In this thesis, focus is on one specific example from nature, i.e., structures that
respond to environmental stimuli through a change of their morphology. In the fol-
lowing sections we will review this intriguing class of smart structures, both from
nature and industry.

Section 1.1 reviews the specific functionalities that can be emulated by responsive
materials. Then, in Section 1.2 we will zoom in on responsive liquid crystal polymers
and we close with a review on the particular morphological transformations that these
materials can undergo in Section 1.3. Finally, in sections 1.4 and 1.5, the research
objectives and outline of the thesis are given.
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1.1 Responsive morphological changes
1.1.1 Background and motivation: inspiration by nature

When living organisms such as animals and plants interact with the ambient en-
vironment, special morphological changes enable particular functionalities. A well-
known example is the lotus effect, found on the surface of lotus leaves. As shown
in Fig. 1.1(a), water droplets remain almost spherical on the lotus surface and they
easily roll off from the leaves. A detailed inspection into a lower dimension reveals the
underlying mechanism. Figures 1.1(b)-(d) illustrate the zoomed-in, extremely com-
plex morphological texture of lotus leaves. The most striking aspect is the hierarchy
of the texture, from the millimeter range (Fig. 1.1(a)) to the sub-micrometer range
(Fig. 1.1(d)). In addition, at different dimensions, the morphological features are
different: at the largest dimension, the dominant textures are protrusion-like bumps,
which have similar sizes and heights, while at a lower dimension, the textures fea-
ture needle-like spikes with random orientations. These hierarchical morphologies
enable high contact angles between droplets and lotus surfaces, making the surfaces
super-hydrophobic (i.e., contact angles > 150°) [1].

Another interesting morphological structure with a special function is Nepenthes
alata [2]. As shown in Fig. 1.1(e), the peristome is wetted and lubricant. When insects
land on it, they slide off from the peristome into a liquid pond inside the pitcher and
cannot escape. This trap needs continuous transportation of fluid, secreted inside the
pitcher, to the outside of the peristome, in order to lubricate it. This is enabled by
special textures on the peristome surface. As shown in Fig. 1.1(f)-(g), a wavy surface
forms channels and special wedge-like openings (white parts in (g)) transport fluids
efficiently by making use of capillary effects [3].

There are also numerous examples from the animal kingdom. Gecko feet feature
strong adhesions and have attracted much attention to study and mimic the de-
tailed structures [4, 5] to create super-adhesive surfaces. Figures 1.1(h)-(i) depict the
multi-scale hierarchical texture of gecko feet. In Fig. 1.1(h), the meso-structure view
shows that adhesive lamellae work as sensors and are smooth in appearance. A fur-
ther inspection down to the micrometer scale (Fig. 1.1(i)) shows the micro-structure
of an array of setae (green box) on the lamellae and the detailed nano-structure
on the tip of a seta (blue box), which features a branched structure terminating in
hundreds of spatular tips. Such self-similar morphologies at different scales enable
significantly-enlarged contact areas between gecko feet and target surfaces, leading to
strong adhesives.

The growth of the human brain is another example of balanced combinations of
functionality and morphology [6]. During the growth of a brain, the outside layer,
i.e., the cerebral cortex, has a faster growth speed than the inside part of the brain.
Consequently, wrinkles are formed on the surface of the cerebrum, reaching a highly
convoluted structure. These sulci and gyri (i.e., protrusions and grooves, respectively)
allow more brain growth through gyrification and can increase the surface area of the
cortex. This enhances the signal inter-exchange inside the brain, in a mechanically
efficient way due to the fact that the formation of surface wrinkles is energetically less
expensive than pure expansion of the whole volume.

If morphologies can be transformable in response to external stimuli, then it pro-
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Figure 1.1 – Special morphologies and surface topographies found in nature. (a)-
(d) The super-hydrophobicity of a lotus leaf, due to the multiple-scale hierarchical
surface roughness, from the micrometer range to nanometer scale. (e)-(g) The peri-
stome surface and its special channel-like structures of Nepenthes alata. (h)-(i) The
hierarchical structures of a gecko feet. (j) Wrinkling formation on a brain as it grows.
(k) Helix inversion of Passiflora edulis tendrils. (l)-(n) Images of curvatures in plants.
(m) is the same as (l) but in winter. (Figures (a)-(d) from [1], copyright Royal So-
ciety; (e)-(g) from [3], copyright NPG; (h)-(i) from [4], copyright NAS; (j) from [6],
copyright NPG; (k) from [7], copyright RSC; (l)-(n) from [8], copyright Springer.)

vides the possibility and flexibility of accommodating environmental changes. A few
examples are shown in Fig. 1.1(k)-(n). When a Passiflora edulis tendril grows and
expands, it forms a helical shape, functioning like a spring, to provide enough struc-
tural rigidity to withstand external forces, such as blowing wind. When the tendril
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reaches a wall, the tendril will stop growing and attach to the wall. In order to
accommodate the helix, an inversion of the helix occurs at the middle of the ten-
dril, as shown in Fig. 1.1(k), and the overall helix rotation of the tendril can be
eliminated [7, 9, 10]. This helix “inversion” is found to be initiated by geometric insta-
bilities and provides extra mechanical robustness which is often found in plants [11–14].
Figures 1.1(l)-(m) depicts plant leaves transforming their curvature depending on the
ambient temperature ((l): summer; (m): winter), in order to minimize water dissipa-
tion in harsh environments [8]. Some plant leaves have different growth and folding
morphologies depending on the direction of incoming sunlight (heliotropism) and am-
bient humidity [8, 15]. See Fig. 1.1(n).

Numerous examples from nature on switchable morphological change, guide us to
fabricate and design a new generation of smart materials that are responsive to me-
chanical, electric, magnetic, light, temperature, humidity, pH, solvent and biological
stimuli.

Before jumping into the description and discussion of the material addressed in this
thesis (i.e., light-responsive liquid crystal polymers), we review the current state-of-
the-art applications of responsive materials grouped according to their specific func-
tionalities.

1.1.2 Functionalities of responsive materials
Artificial muscles and actuators

One of the applications of responsive materials is to create artificial muscles and
to embed them into functional devices. A straight-forward way to demonstrate this
functionality is to carry load, as shown in Fig. 1.2(a), in which the contraction of
a liquid crystal elastomeric strip can lift a weight much heavier than itself [16]. The
trigger is a temperature increase from 20°C to 115°C. Figure 1.2(b) illustrates a simple
crane device which is able to catch, lift, move and release objects using contractile
deformations similar to (a) but responsive to light instead of temperature [17]. The
device relies on local actuation due to light illumination (indicated by the arrows)
to sequentially generate local curvatures on different parts of the crane. The crane
successfully lifts objects under full control of the actuation sequence. Similar, micro-
hands are also reported in Refs. [21, 22] featuring similar catch-release mechanisms.
In addition to strips, a “screw jack” made of liquid crystal elastomers (see Fig. 1.2(c))
transforms from a thin planar film to a 3×3 cone pile, showing an extremely-powerful
lifting capacity by pushing up a glassy plate 147 times heavier than itself [18].

Using similar responsive behavior, some studies have been done to more closely
mimic nature. Figure 1.2(d) shows a shape replication of orchids using the swelling
mechanism of hydrogels [19]. In figure 1.2(e), a multi-component strip can mimic
worm crawling under sequential local light actuation [23]. Some other biomimetic
locomotion studies can be found in Ref. [24–26]

Furthermore, work has been done to design functional devices, either through
monolithic structures or by combining active components with passive parts. Figure
1.3(a) shows a gripper that is controlled by the contraction of the elastomeric part
(highlighted in white boxes of the hybrid device) [27]. The thin film in figure 1.3(b)
functions as a micro-valve, blocking cold water and letting hot water through. This is
based on the anisotropic thermal response of liquid crystal polymers [28]. A heliotropic
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Figure 1.2 – Responsive polymers as artificial muscles to carry load or achieve mo-
tions. (a) The uniform contraction of a LC elastomer upon heating lifts a load. (b) A
plastic crane moving objects via folding motions controlled by light. (c) A screw jack
made from a LC elastomer film which can lift a glass plate 147 times heavier than
itself. (d) A biomimetic hydrogel features morphologies inspired by a native orchid,
the Dendrobium helix, upon swelling when soaked in water. (e) A crawler made of
a LC film under selective exposure of UV and VIS. (Figure (a) from [16], copyright
Wiley; (b) from [17], RSC; (c) from [18], copyright AAAS; (d) from [19], copyright
publisher NPG; (e) from [20], copyright RSC.)

mimic [15] is shown in Fig. 1.3(c)-(d), whose top surface is tilted as guided by sunlight
and the tilt angle being dependent on the sunlight intensity. Some other integrated
devices are also reported, such as, optical devices [29], valves [30] and grippers [31].
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Figure 1.3 – Responsive components in integrated devices to achieve diverse func-
tions. (a) A micro-gripper relying on the contraction of LC elastomers (highlighted
in white boxes). (b) A micro-valve in a LC glassy film featuring a cleavage opening
when it is immersed into a hot water bath. The internal orientation of liquid crystal
molecules is schematically shown by the while-lines inset. (c-d) A heliotropic mimic
device which tilts the top surface facing to sun: (c) schematics and (d) experiments.
(Figure (a) from [27], copyright Wiley; (b) from [28], copyright Royal Society; (c)-(d)
from [15], copyright Wiley.)

Surface friction

One important application of topographical manipulations is the change of sur-
face frictional properties. The friction coefficient of a surface depends on. e.g., the
roughness, textural shape, existence of lubrication, static or kinetic friction and sur-
face chemical composition. A switchable surface featuring tailorable friction behavior
is potentially of interest in surface or coating research and industries, such as wear
endurable coatings, human-machine interfacing, and soft robotics.

For the material system addressed in this thesis, i.e., light-responsive liquid crys-
tal glassy polymers, work has been done to demonstrate friction increase [32, 34] (see
Fig. 1.4(a) and (c)) and decrease [33] (see Fig. 1.4(b)) when two LC coatings sliding
relative to each other. Furthermore, for one specific coating (with a patterned surface
topography, studied in Section 2.3.4), different variations of the friction coefficient
can be achieved depending on the relative alignment of the two contacting surfaces
(see Fig. 1.4(a.1)-(a.3)) [32]. The friction decrease is mainly due to the considerably-
reduced contact area when the two linear patterns are orthogonal to each other, see
Fig. 1.4(a.3). The friction increase is attributed to the interlocking of protrusions
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Figure 1.4 – Controllable frictions via switchable topographies. (a)-(c) Friction
manipulation when sliding two films with distinct topographical textures against each
other: the friction increases in (a.1) and (c) and decreases in (a.3) and (b). (d) Similar
friction controls achieved in a wrinkling system. (e) A textile composite attached
a PMDS substrate forms wrinkles and reduces its frictions (maximally 1/12) upon
stretching and compression. (f) A friction modulator depending on temperature using
the interlocking mechanism in between two micro-pillar arrays. (Figure (a) from [32],
copyright RSC; (b) from [33], copyright Wiley; (c) from [34], copyright NAS; (d) from
[35], copyright AIP; (e) from [36], copyright RSC; (f) from [37], copyright Wiley.)

when the two coatings are aligned in parallel and the direction of the applied sliding
force is perpendicular to the orientation of the protrusions (Fig. 1.4(a.1)). The fric-
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tion coefficients also depend on the shape of the surface texture. In figure 1.4(b), the
film (i.e., “fingerprint” film, studied in Section 2.3.6 of this thesis) features serpentine-
like textures after light illumination, making it hard for the surface protrusions to
interlock with each other, significantly reducing the friction coefficient. However, the
film in figure 1.4(c) (i.e., the polydomain film, studied in Section 2.3.5 of this thesis)
has spike-like surface textures that are easier to get interlocked, leading to a friction
increase.

Some other exemplary systems with controllable friction coefficients are shown in
Fig. 1.4(d)-(f). Figures 1.4(d) and (e) show mechanically-induced friction manipu-
lation on wrinkled surfaces [35, 36]. Wrinkles are formed on the surface of a bi-layer
system when a stiffer layer attached to a softer, pre-stretched Polydimethylsiloxane
(PDMS) substrate, is mechanically relaxed. The wrinkle profiles in (d) and the inter-
twined textiles in (e) efficiently reduce the contact area when they are in contact to
other surfaces with smooth, flat textures. The friction reduction is further enhanced
when the height of the surface protrusions, i.e., the wrinkle amplitude in (d) and the
undulation of wraps in (e), are further increased. Some other friction case showing
reduction based on the wrinkling mechanism can be found in Refs. [38, 39].

If increasing the friction coefficient is the goal, triggering interlocking is an efficient
approach, as illustrated by the example presented in Fig. 1.4(f). An extreme extent of
interlocking was achieved by (1) first heating two polymeric micro-pillar arrays beyond
their glass transition temperature, (2) then engaging the two micro-pillar arrays to
trigger interlocking, (3) then sliding to enforce the interlocking and (4) finally cooling
down to the room temperature [37]. Such heavily interlocked pillars yield a large
friction coefficient, while heating beyond the glass transition temperature can lower
the friction due to the large reduction of pillar stiffness, leading to a system with
temperature switchable friction properties.

Haptics

The interaction between human beings and machines is a topic of increasing im-
portance in the fields of haptics and digital device innovations. Devices featuring
reversible topographical changes serve as feasible candidates. Braille displays in
which responsive materials deform under external triggers, provide a new systematic
design [40–43]. Figure 1.5 illustrates two types of haptic devices. The light-responsive
deformation in figure 1.5(a)-(c) relaxes the original cone texture to a flat surface,
so that the Braille display is in the off-state when the light source is switched on.
Figure 1.5(d)-(f) depicts a similar Braille display system, but here the display is on
when the light source is switched on. Some other exemplary human-machine interface
devices based on responsive materials can be found in Ref. [44–46].

Surface wetting and microfluidics

Wettability is an important property of a surface, depending on the surface energies
between solid, gas and fluid. The wetting is also dependent on the surface chemical
composition [47] and on the surface morphologies [48]. The force balance on the three-
phase-line (a line contacting the gas, fluid and surface) determines the contact angle
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Figure 1.5 – Haptics and human-machine interaction devices employing responsive
surface topographies. (a)-(c) A refreshable Braille display device relying on photo-
induced contractions of LC elastomers doped with carbon-nanotubes. (d)-(f) Tactile
devices based on opto-responses of LC elastomers. (Figures (a)-(c) from [40, 41],
copyright IOP and Wiley; (d)-(f) from [42], copyright Elsevier.)

of a fluid droplet resting on the surface. The Wenzel roughness parameter [49]

r =
Areal

Aproj
,

where Areal is the real area of a surface and Aproj is the projected area onto the
horizontal plane, correlates the surface texture with the contact angle [50]. Switchable
wetting properties are possible by employing responsive surfaces, which can further
be used to realize microfluidic applications.

Some illustrative examples of switchable wetting are presented in Fig. 1.6. Wrinkle
profiles, featuring sinusoidal undulations, serve as good candidates to test the influence
of the surface roughness on the wetting properties [51, 54]. As shown in Fig. 1.6(a)-(b),
the wrinkled surface has larger contact angles compared to that of the original flat
surface. A further increase of the contact angle can be reached by depositing micro or
nano-scale particles on the surface and constructing hierarchical structures: wrinkles
at larger dimensions and particles at smaller dimensions, mimicking lotus leaves (see
figure 1.1(a)-(d)). Figure 1.6(b) plots the variation of the advancing and receding
contact angles as a function of the Wenzel roughness parameter r. The increase in
contact angle is evident with an increase of the surface roughness. The 2D sinusoidal
profile of the wrinkled surface induces anisotropic wetting, as shown in figure 1.6(c1)-
(c2). As the mechanical load changes (Fig. 1.6(c3)-(c4) and (d)), the droplet starts
to imbibe into the wrinkles as the amplitude of the wrinkles increases and channels
are formed.

Figure 1.6(e)-(i) illustrates the HAIRS (Hydrogel-Actuated Integrated Responsive
Structures) system [52, 55, 56], featuring hybrid surfaces consisting of flexible, high-
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Figure 1.6 – Responsive surfaces featuring wetting changes. (a)-(d) Wrinkling in-
duced wetting changes. (a)-(b) The contact angle and sliding angle of a water droplet
on various surfaces. (c1)-(c2) Anisotropic wetting on wrinkles and isotropic wetting
on a flat surface. (c3)-(c4) As the wrinkling amplitude increases, a glycerin droplet
starts to imbibe the grooves. (d) The length increase of liquid imbibing filaments as
the wrinkle amplitude increases. (e)-(i) The wetting change of the HAIRS system
from Aizenberg and et al. (e) A schematic of the system. (f) The responsive surface
upon swelling of hydrogels. (g-i) SEM images of the original (g), in dry state (h) and
in wet state (i), and the corresponding water contact angles. (Figures (a)-(d) from
[51], copyright Wiley; (e)-(i) from [52], copyright RSC.) (see a continued figure in the
next page.)

aspect-ratio pillars coupled with a responsive hydrogel matrix. The underlying hy-
drogel, upon expansion and contraction in response to external stimuli, moves the
passive pillars. In the dry state, the surface is dominated by the high-aspect-ratio
pillars and the surface is hydrophobic (see Fig. 1.6(h)). Upon actuation the hydro-



1

1.1: Responsive morphological changes 11

(j) (k)

(l)

(m)

(n)

T=40o 140o 40o

T=40o 140o 40o
120o 80o

150o 130o

T

T

Figure 1.6 (cont.) – (j)-(n) Switchable wetting on a micro-pillar LC elastomer
surface. (j) A SEM image of the micro-pillar array. (k)-(l) Schematics of pillar with
different sizes upon temperature changes. (m)-(n) The contact angles of the surface
of (k) and (l) upon cycling heating and cooling. (Figures (j)-(n) from [53], copyright
ACS.)

gel expands and fills the space between the pillars and the whole surface becomes
hydrophilic (see Fig. 1.6(i)). Instead of hybrid surfaces, figures 1.6(j)-(n) present
a monolithic surface consisting of temperature-responsive liquid crystal elastomer
micro-pillars. Upon heating, the aspect ratio of the pillars decreases due to the mate-
rial contraction. As a result, the contact angle is altered (see (m) and (n)) depending
on the original pillar morphology and the wetting status (Wenzel (k) or Cassie-Baxter
state (l)).

Also often use is make use of switchable surfaces in microfluidic functions, such as
droplet manipulation and droplet and fluid transportation in lab-on-chip devices [62].
Some illustrative examples are presented in figure 1.7. Figures 1.7(a)-(b) show a sur-
face with magnetically-responsive micro-pillars that can manipulate droplet-surface-
interaction [2]. The micro-pillars, being either tilted or upright, controlled by magnetic
fields, induce switchable contact angles (> 150° when upright and ∼ 100° when tilted).
Depending on the impact energy and surface morphology, the droplets can be either
bouncing off the surface or stay at the surface by pinning and sliding after the droplet
impacts on the surface.

If the micro-pillars on a surface are more flexible and are able to perform com-
plex bending and reversal motions, the pillars can mimic cilia motions and gener-
ate metachronal waves [63, 64]. Another example is shown in figures 1.7(c)-(e). The
photo-controlled pillar array made of liquid crystal polymers bends towards the light
source [57]. When the light source is rotated to illuminate the pillar array from differ-
ent orientations, the bending motion is fully controlled by the light source direction.
Due to the temporal deformation response to the moving light source, an asymmet-
ric motion can be reached. As a result, the collaborative cilia-like motion of the
pillar array induces metachronal waves and propels fluid (see the schematics in fig-
ure 1.7(c) and the measurement in (e)). Another example of cilia mimic is shown in
Fig. 1.7(f)-(h), in which magnetically-controlled artificial cilia (g) imitating nature (f)
is predicted to induce flows through a pattern of metachronical motion (h) [58]. Some
other cilia studies can be found in Refs. [64–68].

If the wetting property (hydrophobicity and hydrophilicity) can be locally altered
on a surface, as shown in Fig. 1.7(i), flow channels can be formed and the motion
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Figure 1.7 – Microfluidic applications via surface topographical changes. (a)-
(b) Droplet impact and bounce off (a) and droplet pinning and slipping (b) on a
magnetically-driven micro-pillar-array surface which changes contact angles. (c)-(e)
A photo-responsive micro-fiber array mimicking cilia motions: (c) the fibers bend
toward the light source; (d) the bending orientation is guided by the light direction;
and (e) the cilia motion moves floating objects. (f) Cilia on the inner surface of
mammalian trachea. (g) Top-view of magnetically-controlled artificial cilia: (g.1) off,
(g.2) on. (h) The simulation of flows induced by cilia strokes: (h.1) antiplectic and
(h.2) symplectic metachronical waves. (i) Liquid channels on a patterned hydrophilic-
hydrophobic surface. (j) A heat-commanded flow channel valve. (k) A micro-mixing
device via light-triggered hydrogel swelling. (Figures (a)-(b) from [2], copyright Wi-
ley; (c)-(e) from [57], copyright Wiley; (f)-(h) from [58], copyright RSC; (i) from [59],
copyright NPG; (j) from [60], copyright RSC; (k) from [61], copyright Wiley.)
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and transportation of the fluid can be controlled by external stimuli that control
the wetting angle [59, 69]. Two other examples of fluid flow manipulation are shown in
Figs. 1.7(j)-(k), in which the flow direction [60] and mixing status [61] can be controlled.

Other studies take advantage of surface morphological changes to switch the wet-
ting state and contact angle in microfluidic applications [53, 60, 66, 70–80] and reviews
[81–84]. These surfaces with switchable wetting properties can be used to build a
robust self-cleaning surface [59, 85], which needs to be switched on to be rough, super-
hydrophobic so that self-cleaning can be achieved by letting droplets roll off and
remove dust and dirt, but to be switched off back to a flat texture to keep the me-
chanical robustness of the system and prevent external damage.

Adhesives

The adhesion property of a surface quantifies the binding capability of the surface
to other surfaces and its resistance to separation. The adhesive property of a surface is
influenced by the surface roughness and texture [88, 89]. Inspired by gecko feet [90–93],
switchable adhesives are of interest in surface treatment industries and functional
device innovations.

Some surfaces with switchable adhesion are presented in figure 1.8. Figures 1.8(a)-
(b) show a gecko-mimicking gripper that is composed of thermally-responsive strips [5].
Micro-pillars are fabricated on the gripper hands (see Fig. 1.8(d)). At low tempera-
ture, the grippers attach to a target object and can lift and move the object with strong
binding. Upon heating, the bending motion of the gripper hands (see Fig. 1.8(d))
mimics the peeling behavior of gecko feet (as imaged in (a)) and as a result, the grip-
pers release the object when there is not enough contact area between the gripper
and the target to remain the adhesion. A photo-controlled adhesive system shown in
Fig. 1.8(g), with a modified pillar morphology and a material composition compared
to (a)-(d), achieves light-switchable adhesive properties that grab and release objects.

In addition to making use of bending and macroscopic deformations, topographical
changes at lower length scales are also applied in adhesive switching. One switchable
adhesive surface is presented in Fig. 1.8(e)-(f) from Refs. [51, 94]. The mechanically-
triggered wrinkled surface features higher adhesive forces when the wrinkle amplitude
is low (see (e)), indicating that the flat surface has the maximal contact area and
the wrinkled profile the minimal. A demonstration is depicted in Fig. 1.8(f), where
the object (highlighted in a red circle) can be lifted and moved by the film upon
stretching (when no wrinkle exists on the surface) and be released upon relaxation
(when wrinkles are resumed and the contact area is decreased). Another example is
presented in Fig. 1.8(h), in which heating-induced pillar contractions and expansions
tune the contact areas and induce different adhesive forces.

Some studies have been done to analyze texture changes at lower length scales,
such as the profile shape of micro-pillars, to inspect the influence on the adhesive
properties [95]. Surfaces with accompanying chemical composition changes together
with topographical changes were reported to also achieve controllable adhesion [96, 97].
Some other adhesive switching mechanisms upon topographical changes can be found
in Refs. [39, 87, 98–108] and reviews in Refs. [109–112].



1

14 chapter 1: General introduction

 (a) 

 low T 
  stage 

(c)
 release 

 high T 
 stage 

bending

0 2 4 6 8 10 12 14 16 18 20 22 24
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
dh

es
io

n 
fo

rc
e 

(g
)

Strain, ε (%)

approach engage and attach

liftrelease

glass bead (e)  (f) 
stretching

un-stretching

 (g) (h)

(d)

70o

90o

Adhesive

Non-adhesive

T

Figure 1.8 – Exemplary devices with switchable adhesive property. (a)-(d) A ther-
mally controlled gripping and releasing device based on bending motions of LC elas-
tomers strips mimics gecko feet. (e)-(f) Manipulation of adhesive forces of a PDMS
wrinkled film against stretching (e) and a lift-move-release demonstration on a glass
beat (f). (g) A micro-transporter relying on photo-activated folding motions under
illumination: (i,iii) approach, attach and move an object and (ii, iv) release the object
upon illumination. (h) A thermally-responsive adhesive device relying on contractions
of LC elastomer micro-pillars. (Figures (a)-(d) from [5], copyright Wiley; (e)-(f) from
[51], copyright Wiley. (g) from [86], copyright AAAS; (h) from [87], copyright Wiley.)

Optical functions

Surfaces with topographical transformations have been applied in functional optical
devices. The diffraction, transmission and reflection of a surface depend on the surface
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responsive micro-pillar array reflector changes the reflected wavelength when the pillar
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swelling. (g) An oxidized PDMS film under stretching becomes opaque due to the
formation of wrinkles. (Figures (a)-(b) from [113], copyright Wiley; (c)-(e) from [114],
copyright Wiley; (f) from [115], copyright Wiley; (g) from [116], copyright Wiley.))

roughness [117, 118]. Some illustrative examples are presented in figure 1.9.
Figures 1.9(a)-(b) show a polarized light Bragg deflector made of a cholesteric

film [113], in which the liquid crystal molecules feature continuous rotation along a
helix (see also Section 2.3.4 in this thesis). The Bragg reflection wavelength of a
cholesteric film depends on the pitch length and the refractive index [119–121], λ0 =
n̄P0θ, where λ0 is the reflected wavelength, n̄ is the average refractive index n̄ = (no +
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ne)/2 (no and ne are the ordinary and extra-ordinary refractive index, respectively
and P0 is the pitch length, which is the distance needed for liquid crystal molecules to
rotate a full 360°, and θ is the incident angle). A change of the pitch length induces
a shift of the reflected wavelength, i.e., an increase of the pitch length increases the
wavelength and vice versa. A change of the incident angle also alters the reflected
wavelength. The freestanding film in figure 1.9(a) bends upon the actuation polarized
light, leading to controllable orientation and wavelength of the deflected light, which
is determined by the local surface curvature. As shown in Fig. 1.9(b), with an increase
of the incoming light intensity and an increase of the bending angle, the increased
surface curvature decreases the wavelength of deflected light, from red to orange and to
green. A similar approach was taken for the pH and humidity sensitive coatings [115],
as shown in Fig. 1.9(f). The pitch length is locally changed depending on the local
change in thickness, which is due to the patterning of the local chemical composition.
The color of the coating changes depending on the surrounding humidity and pH, and
the coating serves as a sensor. Some other similar studies on controllable reflection
can be found in Refs. [122–124].

Another typical example for optical actuation is a system consisting of deformable
micro-pillars studied in Ref. [114], and shown in Fig. 1.9(c)-(e). The decrease of
spacing between the pillars upon ultra-violet light actuation (see the schematic in
Fig. 1.9(d)) leads to a shift in wavelength of the reflected light (see (e)). Some
other optical actuators with tailorable reflectance based on surface morphological
changes, e.g., shape changes of micro-pillars and roughness alteration, can be found
in Refs. [125–127].

The transmission and transparency of a film also depends on the surface roughness
and topographies. An example is shown in Fig. 1.9(g), in which the transparency
of a bi-layer wrinkling system can be controlled by mechanical forces [116]. Upon
stretching, wrinkles form along the direction perpendicular to the stretching direction
(see the schematic in Fig. 1.9(g)) and the film becomes opaque. When the film is
relaxed, wrinkles disappear and the film returns back to transparent. Additional
studies on transparency and color change of responsive coatings can be found in
Refs. [74, 128, 129]. Some other optical applications using surface topographical
transformations can be found in review articles [123, 130] and some integrated devices,
such as adjustable focus lengths [29, 131].

Other applications

In addition to the applications mentioned above, some other interesting imple-
mentations making use of responsive surface morphing include, self assemblies of
soft matter [132, 133], surface treatment and molecular arrangement [134, 135] and cell-
surface interactions [136–144]. For more examples, the reader is referred to the following
review articles Refs. [16, 43, 130, 145–149].

1.2 Responsive liquid crystal polymers
In this section, a brief introduction is given to liquid crystal polymers, especially

liquid crystal glassy networks (LCNs), which are the main topic of this thesis. For
completeness, also rubber-like liquid crystal elastomers (LCEs) are included, which is
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is an important measure of LC networks. (c) Various molecular configurations for
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the other class of widely studied responsive liquid crystal polymers. In the following
chapters of this thesis, unless stated otherwise, liquid crystal polymers only refer to
liquid crystal glassy networks.

1.2.1 Liquid crystal glassy polymers

Liquid crystal glassy polymers are polymerized and densely crosslinked networks
from liquid crystal monomer mixtures. Typical polymerization processes are photo-
initiated or thermally-initiated polymerization [147, 151]. The photo-polymerization
process is fast and phase separations and phase transitions during polymerization are
usually well-suppressed [150], in addition, photo-polymerization features flexibility in
tuning the spatial property distributions (such as molecule concentration gradients
and stiffness) via patterned polymerization (for some examples the reader is referred to
Chapter 4 of this thesis). Typical liquid crystal mesogens feature three parts, as shown
in Fig. 1.10(a), consisting of a stiff central core, flexible spacers and polymerizable
end groups. The polymerizable groups can be monoacrylates (serving as pendants)
or diacrylates (as crosslinkers). The molecular structure is selected carefully, and
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usually several different types of LC mesogens are mixed to meet specific requirements
with respect to the (opto-)mechanical properties, optical properties, glass transition
temperature and ease of fabrication and polymerization.

Polymerization usually is conducted on the nematic state [147], in which liquid
crystal molecules have directional order but no positional order. As schematically
presented in Fig. 1.10(b), under photo-polymerization, end groups get crosslinked to
form a main polymeric skeleton. This process ensues under a small concentration of
free-radical photo-initiators. The average direction of the LC molecules is denoted by
the director (−→n ), and a scalar order parameter S is defined as

S =

〈
3
(
cos2(ψ)− 1

)〉
2

,

to quantify the alignment order, where ψ is the angle between the LC molecule di-
rection and the director, and the average sign 〈·〉 is taken on all the neighboring
molecules. The director of a LC film can be pre-designed at its nematic state be-
fore polymerization by using surface treatments and anchoring forces [152], electric
and magnetic fields [153], photoalignment layers [10, 154] and many more [147, 155, 156].
These techniques enable the possiblity of constructing complex director patterns and
thus can generate sophisticated topographical transformations. Several most widely
fabricated and studied director styles are shown in Fig. 1.10(c). The thickness direc-
tion (out-of-plane direction) is vertical in the figure. The twisted nematic and splayed
both feature 90° director rotations, but the molecules in the former style rotate in
the plane, while in the latter rotate from being in the plane to being out-of-the-
plane. Directors can also be tilted, with a certain angle between the molecules and
the horizontal axis. The chiral nematic, also known as cholesteric, is a special type of
nematic phase, since it is widely-used as reflector due to the continuous rotation of
the directors along a helix perpendicular to the film plane (see figure 1.9 for details).

Due to the alignment order of the molecules, a liquid crystal polymer features
anisotropic opto-mechanical properties. Figure 1.11(a) plots the variation of the
Young’s moduli as a function of the working temperature. The modulus along the
director (‖) is the highest due to the fact that it is the average direction of all the
LC mesogens. The perpendicular modulus relative to the director (⊥) is the lowest.
The modulus of a polymer in the isotropic phase (e.g., polymerized in the isotropic
liquid state in which there is no orientational order of LC mesogens) and that of the
twist nematic phase are both between E‖ and E⊥. All the moduli decrease as the
temperature increases, due to glass transitions and loss of order. The liquid crystal
glass polymer is typically assumed to be a linearly-elastic material [34, 158, 159]. Fig-
ure 1.11(b) shows stress-strain curves of several LC glassy polymers with different
spacer lengths under various temperatures and loading directions. It is found that
the materials roughly follow a linearly-elastic behavior. A further study on the effect
of spacer lengths on the failure strength and maximal elongation strain is shown in
Fig. 1.11(c). With a longer flexible spacer (see Fig. 1.10(a)), the polymers have a
lower tensile strengths but with a higher failure strain.

Liquid crystal polymers are intrinsically sensitive to temperature. They expand
and contract upon heating, as shown in Fig. 1.11(d). The thermal deformation is
a competition between thermally-induced free expansions and anisotropic thermal
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Figure 1.11 – Thermo-mechanical properties of typical liquid crystal glassy poly-
mers. (a) Thermal-dynamic measurements of moduli of various networks (‖: parallel
to the director; ⊥: perpendicular). (b) Strain-stress curves of LC polymers with
various compositions, working temperature and loading orientations relative to their
directors. (c) Tensile strengths and elongation strains at breaks. (d) Thermal ex-
pansion coefficients parallel and perpendicular to the director for network systems
with various compositions. The measured loss of the order parameter is small (ca.
ST↑ = 95%S0), but the thermal response is evident. (Figures (a)-(c) from [157],
copyright Elsevier; (d) from [152], copyright Wiley.)

deformations due to a loss of order [152]. At a low temperature, the thermal expansion
along the director (α‖) is slightly positive, due to the fact that the thermodynamic
free volume expansion is dominant at this temperature. As the temperature rises,
the thermal expansion along the director becomes negative (contraction) and keeps
decreasing. This is attributed to the loss of order: LC molecules are less aligned along
the director and are more aligned to the direction perpendicular to the director.
Thus the thermal expansion perpendicular to the director (α⊥) is always positive
and is enhanced as the temperature increases. Even though the loss of order is
low for highly-crosslinked glassy liquid crystal polymers [34, 147, 151, 152, 160, 161], the
anisotropic thermal expansion is still enough to construct thermal actuators [152, 162]

with significant macroscopic topographical transformations.

Due to the intrinsic loss-of-order induced conformational changes, a liquid crys-
tal polymer can also be sensitive to other external stimuli. The order parameter
can be manipulated by external conditions when the liquid crystal molecules are dis-
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Figure 1.12 – Liquid crystal elastomers and thermal-opto-responses. (a) Schematic
of a loosely crosslinked liquid crystal elastomer. Red rods: flexible crosslinkers to
form polymer bones, typically polysiloxanes. Grey rods: liquid crystal side-chain
mesogens. (b) Schematic of conformational changes of a LC elastomer unit: from
an oblate shape (S > 0) to spherical (S ≈ 0, isotropic) due to the reorganization
of polymer chains. (c) Measured contractions parallel to the director (L/Liso) and
perpendicular expansions (Lper/Liso) of a LC elastomer upon heating due to a loss of
order. (d) Measured contractions of azobenzene-modified LC elastomers under UV
exposure at various temperatures. Inset: the recovery of contraction at 25oC after
90 min exposure. (Figures (a), (c) from [166], copyright De Gruyter; (b) from [167],
copyright Cambridge Press; (d) from [168], copyright APS.)

turbed by stimuli-sensitive molecules which are embedded and crosslinked into the
LC network [45, 147]. Possible external stimuli can be triggered via, such as, electric
field [163], humidity [123, 164], pH [123] and light [67, 165]. The light-responsive system is
the subject of this thesis and will be discussed in more details in Section 1.2.3.

1.2.2 Liquid crystal elastomers
Another widely-studied class of liquid crystal polymers are liquid crystal elastomers

(LCE) [166–168]. A typical polymeric morphology of LCEs is shown in Fig. 1.12(a).
LCEs are much less crosslinked than glassy liquid crystal polymers. Typical process-
ing of LCEs contains pre-crosslinking to first form a loosely-crosslinked solid, then
mechanically-stretching the solid to induce a molecular order, and thirdly a second
full crosslinking to fix the backbone [167, 169–171]. Some other techniques have also
been used to fabricate LCEs, such as photo-polymerization similar to that used in
glassy LCNs to create LCEs with complex director patterns [18, 169]. The flexible
crosslinkers (red rods) form a main network backbone and the liquid crystal meso-
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gens (gray rods) serve as side-chain pendant attached to the main backbone. Due to
the low crosslinking density and the coiled, entangled polymer chains of LCEs, typical
order parameters of LCEs are lower than those of glassy LCNs. In addition, LCEs
endure phase transitions upon heating, which are usually absent in glassy LCNs. A
LCE fully loses its order when it is heated beyond its nematic-to-isotropic tempera-
ture. The most significant difference in the mechanical properties between LCEs and
glassy LCNs is the LCE’s soft elasticity [167]. Upon stretching along the direction
perpendicular to the director, a LCE first behaves roughly linearly until a threshold,
after which the director starts to gradually rotate towards the loading direction with
only a modest increase of the stress. After the director is fully aligned to the loading
direction, the network starts to behave linearly again.

Another important difference between LCEs and glassy LCNs is the large confor-
mation change of LCEs upon actuation (e.g., under heating or illumination), as shown
in figures 1.12(b)-(d). Since LCEs can fully transition from an ordered state to an
isotropic state and the polymer is loosely crosslinked, the network is subjected to
large anisotropic deformations: a contraction along the director and an expansion in
the plane perpendicular to the director. The ellipsoidal shape of the polymer chains
distribution transitions to a spherical isotropic polymer distribution, as schematically
shown in Fig. 1.12(b), with stretch ratios (R‖ and R⊥) indicating the deformations. A
measurement of the length change under heating along (L) and perpendicular (Lper)
to the director with respect to the length at the isotropic state (Liso) are presented in
Fig. 1.12(c). A maximal 3-times contraction is found along the director and a 2-times
expansion perpendicular to the director. A feature worthy to be noted here is the
incompressibility, as shown by the red symbols in Fig. 1.12(c), indicating that the
volume of the LCE is almost fully preserved during actuation.

The deformation speed of LCEs is generally low [147, 172], on the order of minutes
or hours, compared to that of glassy LC polymers, which is usually on the order of
seconds [33, 67, 153, 158, 173–175]. This is attributed to the loosely-crosslinked polymer
backbone of LCE [147, 167, 168]. One example for the time-dependent deformation his-
tory of LCEs is given in Fig. 1.12(d). Many attempts have been made to increase the
deformation speed [22, 176]. Also mixed LC networks consisting of both a glassy con-
stituent and an elastomeric part have been constructed, featuring mixed properties
of both components [177].

More general information on liquid crystal elastomers can be found in Refs. [16,
147, 167, 178]. In this thesis, glassy liquid crystal polymers are focused on and will
be discussed in the following section.

1.2.3 Light responsive liquid crystal polymers
As mentioned in the above sections, the loss-of-order-induced conformational change

of liquid crystal polymers is the underlying mechanism of spontaneous deformations
in response to external stimuli. Light responsive systems are particularly advan-
tageous because remote control via illumination enables easy spatial variation and
time-dependent actuation with good resolution in space and time.

In order to make LC polymers sensitive to light, light-responsive molecules are em-
bedded into the polymer backbone. Azobenzene is most often used for this [179, 180].
The chemical structure of azobenzene is shown in Fig. 1.13(a). The natural, stable
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Figure 1.13 – Light-responsive liquid crystal glassy networks doped with azoben-
zenes. (a) The chemical format of a typical azobenzene molecule. Photo-isomerization
occurs under ultra-violet light exposure and the azobenzene transitions from a rod-like
trans-state to a bent-like cis-state. (b) The isomerization of embedded azobenzenes in
an LC glassy network induces conformational changes (green rods: LC molecules; blue
rods: azobenzenes). The trans azobenzenes follow the alignment order of the neigh-
boring LC molecules, while the cis-state azobenzenes distort the network. (c)-(d) The
deformation-history of photo-induced spontaneous strains upon cyclic illumination:
parallel to the director (c) and perpendicular (d). (e) The variation of photo-strains
of a LC-Azo system against the concentration of azobenzenes. (f) The absorbance
spectra of the trans and cis azobenzenes. (Figures (c)-(d) from [174], copyright RSC;
(e) from [159], copyright Springer; (f) is re-plotted based on the data from [175].)

state of azobenzenes is the rod-like “trans” state. Azobenzenes absorb ultra-violet
(UV) light (see the absorbance spectra of azobenzenes in figure 1.13(f)) and isomerize
to a meta-stable “cis” state. With this isomerization, the length of the azobenzene core
shrinks from 9.0Å to 5.5Å. If azobenzenes are crosslinked into liquid crystal polymer
chains, as schematically shown in Fig. 1.13(b), the azobenzenes follow the orienta-
tional order of the liquid crystal mesogens, i.e., they are aligned along the director.
Upon UV light exposure, the azobenzenes isomerize and disturb the neighboring liquid



1

1.3: Morphological transformation mechanisms 23

crystal molecules. The overall order parameter is reduced and an anisotropic confor-
mational change is induced, as highlighted by the green and blue boxes in Fig. 1.13(b).
The isomerization of azobenzene is spontaneously reversed since the cis state ther-
modynamically unfavorable. In addition, cis-to-trans back-reactions can be boosted
under visible light illumination since the cis azobenzene has an absorbance peak at
the wavelength of visible light (around 450 nm) at which the absorbance of the trans
azobenzene is lower. As a result, the light-induced deformation can be reversed upon
heating and visible light exposure.

The reaction speed is generally fast [67, 153, 158, 173, 175], as shown in Fig. 1.13(c)-(d).
More than 90% of the deformation is finished in the order of seconds both for the con-
traction along the director and the expansion perpendicular to the director [174]. Both
the on and off switching are fast. The magnitude of the light-induced deformation
depends on the concentration of azobenzenes. Figure 1.13(e) shows a linear relation
between the deformation amplitude and the azobenzene dosage [159]. However, other
relations are found as well in the literature in various liquid crystal polymers networks
(see Chapter 4 for details). The ratio of the perpendicular expansion to the contrac-
tion along the director is an important measure. Firstly, defined by Warner and co-
workers [181, 182], the photo-Poisson’s ratio µph = −P⊥/P‖, with a similar definition
as the linear elastic Poisson’s ratios, characterizes the anisotropy and magnitude of
the photo-induced deformations. It strongly depends on the composition of the liquid
crystal mesogens and azobenzenes. Various values have been reported [152, 174, 183].
For example, in figure 1.13(c), µph ≈ 2 but µph ≈ 0.3 in (d). A photo-Poisson’s ratio
larger than 0.5 indicates that there is an immediate volume increase and a density
decrease upon light actuation, which was proven in experiments [184]. Most of the to-
pographical changes in azobenzene-modified glassy liquid crystal polymers (Azo-LC)
rely on this free volume generation mechanism.

The UV-light-responsive Azo-LC system is advantageous in remote control, but
it has limitations in biological applications since UV light is harmful for tissues and
organs. Thus, other azo-derivatives have been developed to absorb light with larger
wavelengths, such as visible light and infrared light, and to achieve similar light-
responsive responses [185, 186]. An up-conversion layer was placed between the liquid
crystal polymers and the UV light source to convert the incoming UV light to visible
light to accommodate biological applications [187, 188].

Some other light-responsive LC polymers make use of different opto-mechanical
energy conversion mechanisms. In one of these mechanisms, molecules that ab-
sorb light and generate heat are embedded into the polymeric backbone and the
generated heat reduces the order of the LC networks and induces conformational
changes. Possible candidates for this light-to-thermal conversion contain for instance
absorbent inks [189, 190], carbon nanotubes [40, 169, 191, 192], dye stabilizers [193, 194] and
gold particles [195–197].

1.3 Morphological transformation mechanisms
In this section, several commonly-use mechanisms which induce morphological

changes originating from spontaneous deformations are briefly addressed. Although
the material system addressed here is mainly the class of liquid crystal polymers, the
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transformations addressed in this section applies to other responsive materials as well.

1.3.1 Folding and origami

If a free-standing responsive material (e.g., liquid crystal polymers) deforms uni-
formly, i.e., the spontaneous strain is constant throughout, as schematically plotted
in figure 1.14(a), then there is no morphological change. If there is a gradient of
deformation across the thickness, a bending, or folding deformation results, as shown
by Fig. 1.14(b). If the material is homogeneous and uniform, i.e., the director align-
ment is constant throughout, strain gradients can be introduced by a light intensity
gradient due to light attenuation [165, 203], or a temperature gradient [190, 204].

With the help of the anisotropy and director-dependent spontaneous deformation
of liquid crystal polymers, a director gradient through the thickness is an easy way to
trigger large bending deformations [152, 159, 174]. Two different types of director gradi-
ents are shown in Fig. 1.14(c)-(d). One is the twisted nematic, featuring 90° director
rotations inside the plane of the film and the other is the splayed pattern in which
the director rotate gradually from in-plane to out-of-plane (see also Fig. 1.10(c)). Ac-
cording to the anisotropy of light-induced deformations (i.e., contractions along the
director and expansions perpendicular), the films in Fig. 1.14(c)-(d) bend with larger
curvatures in comparison to that of the film with a uniform director distribution as
shown in Fig. 1.14(b) (see the arrows indicating the direction of deformation). An
additional merit of the twisted nematic and splayed pattern is that the bending mo-
tion is independent of the illumination direction of the incoming light. So that no
matter from which direction the light comes, the films always bend towards the same
direction. This is extremely advantageous in realistic applications, such as sun-light
driven motions and self-oscillating cantilevers (vide infra in Fig. 1.14(e)).

One issue accompanying the bending deformation is the anticlasticity effect [181, 182],
as illustrated in Fig. 1.14(b)-(d). The arrows show the direction (arrow heads) and
relative magnitude (arrow length) of the spontaneous deformations. The expansion
along the short-axis of the film in Fig. 1.14(b)-(c) induce a curvature along this direc-
tion with the signs being opposite to the ones along the long axis. The films thus form
saddle-shapes and the bending motions are suppressed. This curvature suppression is
remedied by using splayed pattern (Fig. 1.14(d)), where a lower opposite curvature is
induced along the short axis due to the fact that all the deformations are expansions
along this direction. This leads to a higher bending angle for the splayed pattern than
those of the twisted nematic and uniform director distribution.

Figure 1.14(e) illustrates several self-oscillating bending systems using different
director patterns. In Fig. 1.14(e.1), a film with a uniform director distribution starts
to bend towards the light source with a high speed, and an overshot occurs due to
the effect of inertia, making the bottom-side of the film illuminated, which induces a
bending reversal. As a result, the top side of the film is illuminated again, so that a
next cycle starts, finally leading to a continuously oscillating bending motion [176, 198].
The films in figures 1.14(e.2)-(e.3) have the splayed pattern and feature self-oscillations
in different ways. The film from Ref. [199] can self-oscillate under sunlight exposure,
avoiding any direction-dependence on the incoming light direction, but the oscillation
frequency is less stable and is chaotic. In contrast, the oscillating film shown in
Fig. 1.14(e.3) [194] relies on a local focused illumination area near the end of the film
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Figure 1.14 – Folding and origami motions of LC networks. (a)-(d) Schematic of
generating bending motions, deviating from the bulk uniform deformation (a) via in-
troducing strain gradients (b), or introducing director variation through the thickness,
e.g., (c) twisted nematic and (d) splayed. (a.1)-(d.1) are the schematics of directors
and (a.2)-(d.2) are simulation results. (e) Peculiar self-oscillating LC cantilevers un-
der a continuous light source developed by Serak and et al. (e.1), Kumar and et al.
(e.2), and Gelebart and et al. (e.3). (f) A thermally-responsive box-folding actuator.
(g) A thermally-induced accordion-like origami actuator, arising from the alternat-
ing pattern of twisted nematic directors. (h) Twisting and un-twisting of a cut-strip
from a twist nematic film under UV and VIS exposure. (Figures (a.1)-(d.1) from
[147], copyright NPG; (e.1) from [198], copyright RSC; (e.2) from [199], copyright
NPG; (e.3) from [194] copyright Wiley; (f) from [200], copyright RSC; (g) from [201],
copyright Wiley; (h) from [202], copyright NPG. )

(highlighted by a red box), featuring a well-defined oscillation frequency.
Beyond pure bending motions, origami and fold-forming structures attract much

attention. In addition to the literature given in Section 1.1.2, several studies based
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on liquid crystal polymers are presented in Figs. 1.14(f)-(h). A box-folding thin film
responsive to heating is shown in Fig. 1.14(f), in which the local hinges are made
of the twisted nematic pattern [200]. A light-responsive micro-crawler was fabricated,
shown in Fig. 1.14(g), in which the film is composed of alternating twisted nematic
blocks [201]. A spring-like polymeric helix with tunable twist level was fabricated in
Refs. [202, 205]. The helix is formed using residual stresses inside twisted nematic
regions which are misaligned relative to the long-axis and further manipulations of
twisting rely on local UV and visible light illumination. Although the splayed director
pattern is expected to generate higher bending deformations than that of the twisted
nematic phase, the latter is more widely-used due to its ease of fabrication. Other
mechanisms to trigger bending or origami motions for liquid crystal polymers are
based on e.g. material property gradients [158, 206] and bilayers [207–210].

1.3.2 Topological Surface texture changes of substrated films

Another type of responsive morphological transformations consists of topograph-
ical surface changes on substrate-constrained films. When a film is fixed to a rigid
substrate, the in-plane spontaneous deformation is suppressed and all the responsive
strains result in height variations on the top surface. Figures 1.15(a)-(c) depict a
series of studies by Liu and Broer [33, 34, 153] featuring light-controlled surface texture
modulations using azobenzene-modified liquid crystal polymeric coatings. The key to
trigger surface changes on LC films is to introduce non-uniform distributions of various
kinds by taking advantage of the anisotropic spontaneous deformations (i.e., contrac-
tions along the director and expansions perpendicular). Possible non-uniformities
can be complex director distributions [33, 34, 153, 162, 212, 213], material and composi-
tion gradients in the plane of the film [206, 211, 214] (e.g. figure 1.15(d)), or localized
actuation and illumination [184, 215]. Applications of these surface roughness modu-
lations include friction and wear manipulation and microfluidic, see Section 1.1.2 for
details.

As shown in figure 1.15(a), an alternating pattern of a cholesteric phase and a
homeotropic phase (in which the director is perpendicular to the plane) gives a
periodically-corrugated profile upon illumination [153]. For a film with a random di-
rector distribution, e.g., in figure 1.15(b), it generates randomized surface textures
with rough peaks and valleys [34]. If a film has a planar cholesteric phase as shown
in Fig. 1.15(c), the film features “fingerprint”-like textures if no further control on the
chiral helix alignment is enforced. These three types of topographical changes are
extensively studied for their photo-mechanical response and possible optimization in
Ref. [216, 217] and Chapter 2 of this thesis.

Another category of surface topographical modulation is based on light-induced
mass transportation [135, 180, 218, 219, 219]. Figure 1.15(e) illustrates two examples show-
ing the final surface textures after the films were exposed by two sequential polarized
light sources with different polarization directions. In contrast to the mechanism men-
tioned in the previous section, this mass-migration-induced surface change is usually
not reversible due to the plasticity effect of Azo-polymers under illumination, see the
review articles [135, 180] for details.
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Figure 1.15 – Various responsive topographical changes on substrates coatings. (a)-
(b) Light-switchable surface roughness alterations of LC glassy coatings developed
by Liu and Broer, by patterning complex molecular alignment distributions: (a) pat-
terned films, (b) polydomain films and (c) “fingerprint” films. From the top to the
bottom are schematics of director distributions, 3D confocal images of the top sur-
faces and measured 2D surface profiles. (d) A ph-responsive hydrogel film features
undulations arising from imprinted responsivity gradients. (e) Surface relief gratings
of azo-containing polymers under sequential exposure of two polarized light sources
parallel (left) and orthogonal (right) to each other, relying on photo-induced mass
transportations. (Figures (a) from [153], copyright Wiley; (b) from [34], copyright
NAS; (c) from [33], copyright Wiley; (d) from [211], copyright RSC; (e) from [135],
copyright RSC.)

1.3.3 Surface and geometric instabilities

Another mechanism of topographical transformation is to make use of surface and
geometric instabilities. Three types of instability problems are briefly introduced here.

The most-studied surface instability is the formation of wrinkles. Following pio-
neering work on surface wrinkling [220, 221], numerous studies have been conducted to
apply this surface instability phenomenon to construct rough and undulating surfaces
with a wide range of dimensions even going down to the nanometer length scale. A
typical wrinkled system contains a stiff, thin film upon a compliant, thick substrate.
Compressive stresses are generated in the stiff thin film, the film buckles into the soft
substrate leading to regular, well-controlled sinusoidal surface undulations [220–227].
Wrinkles and creases are also able to be formed on monolithic soft materials, e.g.,
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gels [228–231], under confined boundaries, due to low stiffnesses and large swelling ra-
tios upon actuation. More information on wrinkled systems can be found in the
Section 1.1.2 and the review articles [51, 111, 231–235].

Liquid crystal polymers have been used to generate surface wrinkles sensitive to
mechanical, light or other stimuli in experimental and theoretical studies. LC poly-
mers are able, due to their moderate stiffness, to either (1) serve as soft substrates
in bi-layer systems [236–242] and induce compressive stresses in the stiffer films upon
responsive in-plane contractions, or (2) serve as stiffer thin films combined with other
soft substrates [243–249] and induce compressive film stresses upon spontaneous in-
plane expansions. Some theoretical studies also evaluated wrinkle formation on ho-
mogeneous and monolithic liquid crystal polymers [250–252].

Column and plate buckling mechanisms [253–255] and snap-through phenomena of
buckling geometries [131, 256, 257] were implemented using liquid crystal polymers to
perform responsive topographical changes with large deformation amplitudes. Exem-
plary experimental and theoretical studies include (i)generation of travelling waves on
pre-buckled LC films under self-shadowing of light exposure [173], (ii) arrayed snap-
through actuators [258], (iii) constrained LC plate buckling [259] and (iv) biomimetic
snapping emulators based on LC springs [260] and others [261].

Different from the buckling and snap-through mechanisms mentioned above, one
special surface morphological instability was explored for free-standing liquid crys-
tal polymeric films, by constructing complicated in-plane deformation fields result-
ing from complex director distributions [18, 28, 262–268]. For example, if the direc-
tor distribution of a film follows a +1 disclination profile (see the definition of LC
disclinations in the appendix of Chapter 3), in which the directors follow a cir-
cular orientation, upon actuation and a loss of order, the contractions along the
directors and the expansions perpendicular to the directors (i.e., in the radial di-
rection) make the film deform into a cone. This is due to the fact that the cone
is the only geometry accommodating an increased film radius and a reduced film
circumference [262]. Therefore, even without any through-thickness strain gradient
inside the film, there is still a significant out-of-plane deformation. More complex
director distributions have been theoretically designed to create sophisticated geo-
metric instabilities leading to large in-plane or out-of-plane deformations, such as
cones and anti-cones [262, 263, 266, 269], “pyramids” [264], toruses and spheres [270], slot
valves [28], non-developable surfaces [271] and other geometries with complex Gaus-
sian curvatures [265, 268, 272]. Experimental realizations [18, 28, 154, 268, 273] validated
the above theoretical predictions. The appendix of Chapter 3 of this thesis contains
simulations of rotary travelling waves on disclination-type director patterns.

1.4 Research objectives
This thesis is on the computational modelling and design of photo-responsive to-

pographical changes of LC polymer films. Its aim is three-fold: (1) to understand the
physical mechanisms underlying experimentally-realized light-responsive topographi-
cal changes, (2) to optimize the microstructural and physicochemical parameters for
an improved topographical response, and (3) to computationally design new photo-
switchable LC concepts for advanced applications.
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The first aim is to numerically reproduce the light-triggered surface topographical
changes achieved in experiments. Thus a framework needs to be established to con-
sider the photophysics of azobenzenes under UV light (both diffuse and polarized) and
the conformational changes of the liquid crystal network. Furthermore, the complex
director patterns need to be included in the numerical model to mimic the pecu-
liar surface deformations observed in linearly-patterned films, polydomain films and
“fingerprint” films, shown in Fig. 1.4(a)-(c). In addition, there are some unresolved
questions and unexplained observations, such as the transition regions found in the
patterned films and the appearance of volcano-like protrusions in the “fingerprint”
films. The established computational photo-physical framework will be applied to
reproduce these observations and explain the underlying mechanism possibly leading
to optimized parameters (aim 2). This is addressed in Chapter 2.

An opportunity to design new concepts originated from a phenomenon occurring
in the fabrication stage of LC polymers. During photo-polymerization processes,
monomer diffusion occurs inside reactive mesogen mixtures. These diffusion processes
can be tuned to change the local opto-mechanical properties of the polymerized LC
film in order to provide a feasible way to tailor the final topographical change, leading
to new concepts of microstructural design (aim 3) and new ways for optimization (aim
2). This topic is covered in Chapter 4.

Two related but distinct triggering mechanisms are widely reported in the photo-
actuation of liquid crystal polymers: (i) trans-to-cis photo-induced isomerization
found in heavily-crosslinked glassy networks under UV light illumination; (ii) trans-
to-cis-to-trans reorientation in loosely crosslinked elastomeric networks under blue-
green polarized light irradiation. Recently, a new experimental study [175] revealed
that there might exists a new (combined) mechanism. It was measured that the
density decrease of a glassy LC-Azo system does not occur when the cis conversion
is maximized. Counter-intuitively, the density decrease was boosted by a factor four
with a small addition of 455 nm light, which decreases the cis conversion but prompts
a cis-to-trans backreaction. This phenomenon challenged the current consensus and
inspired us to further inspect the physical origin of this enhanced opto-response under
mixed UV and visible light exposure (aim 1). The result of this study is reported in
Chapter 5.

With the computational framework developed in the above studies, an attempt to
design new functional coatings (aim 3) targets at contriving a continuously propagat-
ing surface wave that is commanded by light. By taking advantage of the director-
dependent isomerization of azobenzenes-modified LC polymers and the anisotropic
opto-response, we focus on a specific director distribution and a light source to gen-
erate surface waves. Together with an extensive parameter study to enhance the
formation and magnitude of these surface travelling waves (aim 2), a new light-fueled
actuation system is proposed. This topic is addressed in Chapter 3.

1.5 Outline of the thesis
In this thesis, the following chapters address the research goals outlined in the

previous section.

Chapter 2 details a light penetration model and applies an opto-mechanical re-
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lation to link trans-to-cis isomerization to spontaneous deformation of LC-Azo net-
works. Simulations of the surface topographical changes of films with complex direc-
tor distributions are presented, i.e., linearly-patterned, multidomain and fingerprint
films. In order to quantitatively characterize the generated surface change, several
roughness parameters are introduced. A detailed roughness comparison addresses the
potential use of the different films. Dependencies of the roughness parameters on the
film dimensions, chiral pitch lengths, transition regions and the light intensities are
presented.

Chapter 3 focuses on an in-plane director configuration and explores a travelling-
wave-like surface topography which is actuated by a rotating polarized light source.
This originates from selective actuation due to the varying light absorption depending
on the spatial relation between the polarized light and the embedded azobenzenes.
High absorption and high trans-to-cis conversion ensue in regions where the director
is parallel to the light polarization (electric field orientation) leading to larger out-of-
plane deformations. The rotating polarized light source is shown to be able to guide a
continuously propagating surface wave whose travelling direction and amplitude are
fully controlled by the rotation direction and intensity of the polarized light.

Chapter 4 proposes an approach to construct internal material property gradients
to tune surface transformations. This method relies on monomer diffusion triggered
during the photo-polymerization processes. Liquid crystal and azobenzene monomers
are subject to diffusion if their reactivities (ability to cross-link a polymer) are differ-
ent and the polymerization initiation light intensity is nonuniform. Various Young’s
modulus and photo-responsivity gradients depending on the reactivity difference can
be introduced and are found to influence the topographical changes in different ways.
We take the director configurations from Chapters 2 and 3 as examples to demonstrate
the tunable modulation of surface transformations.

Understanding

Design

Optimization

chapter 2

chapter 3

chapter 4

chapter 5

Modelling 

Figure 1.16 – Categorization of the chapters in this thesis. Via a modelling frame-
work, the thesis first aims at a physical understanding of experimental observations
of light switchable topographies (aim 1, chapter 2 and 5), then explores a number
of possibilities of optimizing the opto-response to enhance the efficiency and robust-
ness of the system (aim 2, chapter 4 and 5), and of designing and manipulating new
peculiar topographical changes applicable to specific functions (aim 3, chapter 3 and
4).
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In Chapter 5, the opto-mechanical relation proposed in Chapter 2 is revisited based
on new experimental observations which challenges the current consensus on the cause
of the opto-response. A dual-wavelength light penetration model is proposed to first
reproduce the measured cis conversion level under mixed 365 nm and 455 nm illu-
mination. Furthermore, a new opto-mechanical relation is developed to account for
the additional deformation contribution that originates from cycling azobenzene dy-
namics. Some optimization studies are conducted based on this new opto-mechanical
model.

Figure 1.16 categorizes the chapters of this thesis. Each chapter achieves one or
a mix of three major aims, i.e., the physical understanding of experimental ob-
servations (aim 1), the optimization of surface changes (aim 2) and the design
of new topographical transformations (aim 3). The result of this thesis is a com-
putational model that is able to gain fundamental understanding and architect new
director patterning configurations for advanced functional surface morphing, based
on an experimentally-verified parameter set.
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