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Abstract

Light-programmed body temperature
responsive glassy polymer actuators
Li Chenzhe
Department of Mechanical and Aerospace Engineering
The Graduate School
Seoul National University

Temperature is a typical stimulus for polymer actuators. The use of body
temperature to trigger active deformations in polymers is desirable for a vast
majorities of applications. While numerous attempts have succeeded in gels and low
glass transition temperatures polymers, the realization of body temperature
responsive actuation in inert and rigid glassy polymers with high glass transition
temperature still remains challenging.
In this thesis, a novel strategy that realizes body-temperature-triggered
deformations in a glassy liquid-crystalline polymer (LCP) is developed. The photoencoded LCP exhibits fast and programmable dynamic shape morphing (in less than
1 min) upon activation. The photo-encoded deformations are not only storable for
over 2 h at room temperature prior to activation, but are also erasable and rewritable
without any noticeable degradation in performance.

I

The fundamental working principles of the body temperature activation of LCP
were further investigated and found closely related to the azobenzene isomerization
induced thermo-mechanical property variation, evidenced by the polarized
spectrometer measurements. A viscoelastic model is proposed to provide
quantitatively understanding and prediction on the deformation behaviors.
Based on this strategy, various self-deployed 3D structures, including tube
structures, self-folded structures, inch worm structures and helical winding structures
could be implemented in the LCP motifs. The deformed structures were further used
to form a temperature sensitive self-formed constant force spring, a temperature
selective liquid container and a time-delayed autonomous endovascular, which
actively winds into a helical shape when inserted into a blood vessel.

Keyword: Liquid crystalline polymer, Azobenzene incorporated polymer actuator,
Photo-programmable structures, Body-temperature activated polymer actuator
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Chapter 1. Introduction
1.1 Programmable smart actuators
Materials that can undergo programmable material property changes with responses
to the external stimulations have attracted great amount of interest. Because the
capability of autonomously accomplish the preprogramed tasks without human
intervention, these actuators are referred as “smart” materials.1 With the ability of
reconfiguration, fast stimuli responses, self-deployable structural formation and
other special features such as multi-responses, interchangeable wettability and smart
additions, the smart materials could be applying into applications in sensors,
actuators, robotic systems or other smart systems.2-4
Smart actuators are materials that go through mechanical deformations with
environmental stimulations such as heat, light, humidity or electric fields.5 To date,
the possibility and potential to function as a smart actuator has been explored in
numerous polymer material systems, such as polymeric (hydro-) gel, cross-linked
elastomers, liquid crystalline polymers and molecular crystals.6-9 Moreover, various
actuation mechanisms were developed to achieve the fundamental goal: the
volumetric changes. Based on different stimulations and working condition
requirements,

the

actuation

mechanisms

varies

from

(photo-)thermal-

expansion(contraction), electric static force, microscale phase changes to small
molecule/ionic diffusions.1, 10-12

1

The rapid development of smart actuators not only gives vast material choices to
mechanical engineers, but also provide great opportunities to further enhance the
smart actuators into a new level, which is not only reprogrammable with high
sensitivity and selectivity to the low-level wide spread stimulations (e.g. natural
stimulations, such as sun-light or weather changes, and mammal body temperatures,
blood pH level changes and et. al) with fast responses, combined with other
functionalities (such as self-supporting, self-healing, electrically conductive and et.
al).

1.2 Body temperature responsive smart actuators
Mammals provide perfect natural stimuli for responsive polymers by maintaining
their body temperatures higher than their surroundings. Polymers that undergo
programmed deformations at body temperature may find diverse applications in
biomedical fields, such as in clot-removal devices, open-wound closures, heart
valves, and endovascular stents.13-16 For practical applications, smart polymers
should be highly thermal sensitive, with polymeric structures that are stable prior to
activation, but respond rapidly upon activation.

2

One of the typical smart actuators for such applications are built based on the
polymeric gel systems. Poly(N-isopropyl-acrylamide) (PNIPAm) is the most
extensively studied thermos-responsive polymeric hydro-gel system.17 The system
relies on the reversible dependency on the polymer solubility in water. Through
carefully tuning the lower critical solution temperature (LCST) to body temperature
(37 °C), the gel could conduct reversible swelling/de-swelling process upon
stimulation, which leads to large volumetric change.18 While the material has
numerous advantages including high reversibility, good activation selectivity and
fast responds, polymeric gel actuators can only work in water or some selected
organic solvents.
Another category of body temperature responsive actuators is shape memory
polymers (SMPs). Upon pre-deforming (usually stretching), SMPs could regain their
original shape when the temperature is over the glass-transition temperatures.15, 19-21
By reducing the crosslinking density in the polymeric network, serval studies have
proven the feasibilities of body temperature activation of programmed SMPs. The
major disadvantage of SMP lays in their depredated mechanical performance after
activation and poor programmability.22
While activation mechanism changes, thermal activated polymer actuators usually
rely on tuning of the state transitions temperature at the polymeric network, resulting
low crystallinity and crosslinking density in the polymeric network. This means
reproducing body-temperature-activated deformations is more difficult in rigid
cross-linked glassy polymers. Due to large secondary molecular interaction in these
polymers, mesogens barely obtain sufficient kinetic energy at body temperature to
undergo structural rearrangements, which are essential for mechanical deformations.
As the result, the temperature required for direct thermal activation of densely crosslinked polymers is usually much higher than body temperature (60–120 °C).23-24
3

1.3 Liquid crystalline glassy actuators

Figure 1. Phase transition of liquid crystal molecular in test tubes. The liquid
crystal phase appears to be cloudy with molecules can move about but still
pointing towards the same directions.25

Liquid crystals are synthetic organic molecules that will change, upon heating up,
their original crystalline solid phase into a fourth phase, where the system could
preserve the anisotropic characteristics, yet could flow like liquids (shown in Figure
1). Because of their ability of self-assembling into aligned states such as including
nematic, smectic, chiral, blue, discotic or bowlic phases, liquid crystal molecules are
widely used in digital displays, optical components and et al. 26-27
4

Figure 2. The building blocks of LC monomers used in this thesis and their
simplified molecule schemes.

Liquid crystals molecules with functional groups that are capable of being
polymerized (such as acrylic, vinylether, epoxide or oxetane), are usually referred as
“liquid crystal monomers”.

28-30

Figure 2 demonstrates the basic building block of

the acrylic liquid crystal monomers, and schemes of two different monomers:
crosslinkers and side chain monomers used in this thesis. Once polymerized in their
mesophases, liquid crystal monomers will self-form anisotropic polymer structures
that are capable of reversely undergo volumetric changes when phase transition (e.g.
nematic to isotropic) takes place upon the stimulation.31-33
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Figure 3. Schemes of different types of LC polymeric structures. (a) main-chain
LC polymer (b) weakly cross-linked elastomer and (c) densely cross-linked
polymer.
Depends on the method of polymerization as well as the number of polymer
functionalized groups in the system, several types of LCPs could be achieved. Figure
3 shows three typical structures of liquid crystalline polymer networks: main-chain,
weakly cross-linked and densely cross-linked polymers. While main-chain and
weakly cross-linked elastomers are widely used as thermoplastics and one-way
SMPs (Figure 3a and b), this thesis will focus on the densely cross-linked liquid
crystalline polymers.34
6

Densely cross-linked liquid crystalline polymers are one of the extreme cases in
polymeric structures. Because all of the monomers used in the polymer are crosslinkers, the polymer shows extremely high crosslinking densities (> 40 mol/dm3).
The ultra-high crosslinking density offers outstanding thermo-mechanical properties
(high strength, modulus and Tg) and also long-term stability, chemical resistivity and
reliable actuation life when heated above the Tg. However, because of the low
mesogen mobility and high π-πstaking energy, the densely cross-linked polymer
usually have high activation temperature for actuation (usually > 80 °C). 35

1.4 Azobenzene incorporated glassy actuators

Figure 4. (a) Some examples of diazo-based pigment. (b) Appearances of the
azo-dyes in different colors. (c) Photoisomerization reaction of azobenzene
derivatives.
Recent years, due to the growing need for glassy polymer actuators, photoreactive dyes were incorporated into the polymeric network for effectively actuate
densely cross-linked polymers. Azobenzene and their divertive molecules are one of
the famous dyes (shown in Figure 4b) due to their extremely high absorption at the
𝜋𝜋 → 𝜋𝜋 ∗ excitation wavelength.36 With the growing of pigment industry, the diazo

compounds have developed various colors with different molecule architectures
7

(demonstrated in Figure 4a).37 Apart from the superior coloring performance, one of
the fascinations on this type of compound are the isomerization effect.38 As shown
in Figure 4c, the trans form of azobenzene appears to be a rod-like di-benzonic
structures similar to the conventional LC molecule structures. Upon irradiation
(usually UV or blue light), excitation of 𝜋𝜋 → 𝜋𝜋 ∗ band changes the shape of
molecule into folded structures (cis form of azobenzene). The variation of molecular

structure of azobenzene dramatically changes the volume occupation of azobenzene,
thus could effectively generate photo-induced microscopic strain (up to 41%) along
the long axis of molecules. One of the effects accompanied by the
photoisomerization effect of azobenzene are the dramatic change in the spectra of
azobenzene.39 Because the molecular structure change, electron redistribution on the
energy level happens, where the band gap of 𝜋𝜋 → 𝜋𝜋 ∗ becomes lower and 𝑛𝑛 → 𝜋𝜋

band gap higher. The change of the energy level resulting a huge absorption decrease
in the original 𝜋𝜋 → 𝜋𝜋 ∗ wavelength and slightly increase at both higher and lower

wavelength or the spectra. This effect is usually called “photo-bleaching effect”,
given by the disappearance of the original characteristic absorption band. Based on
this character, we could accurately determine the concentration of the trans- and cisazobenzene.

8

Figure 5. (a) Photoinduced contraction as a function of time for a azobenzenefunctionalized liquid crystal elastomer upon UV irradiation. (Figure
reproduced from Ref. [40]) (b) All-optical control of bending direction and
flattening in an azo-LCP (polydomain). (Figure reproduced from Ref [41].)
As shown in Figure 5, by co-polymerizing azobenzene derivatives with liquid
crystal monomers, researchers have shown several effective systems that are capable
of translating the micro-scale molecular motion into macro-scale mechanical
responses.40, 42

9

Figure 6. (a) Auto-captured azo-LCP deformation (bending) upon UV (365nm)
irradiation. (Reproduced from Ref. 43); (b) High frequency vibrations of azoLCP under blue laser (445nm) irradiation. (Reproduced from Ref. 44 and 45); (c)
Self arranged azo-LCP helical structures with the ability of light controlling the
movement of small objects. (Reproduced from Ref. 46)

The use of light as the energy input and stimuli have several advantages such as
remote controlling, high energy density inputs, polarizing dependent accurate
controls or special selective actuations. In fact, the accuracy of light manipulation
could be as high as the light wavelength, just like the photo-lithographic patterns,
which provide great potential for micro-scale robot manipulations. Though taking
advantage of the liquid crystal alignment and characteristics of light, numerous
studies (shown in Figure 6a-c) have already demonstrated the possibilities of
achieving mechanical motions such as bending, twisting, warping, and vibrations.44,
47-49
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1.5 Scope and aim
While the utilization of light to achieve actuations are great for many applications,
the demanding wavelength of actuating the material are outside of the safety region:
usually less than 450 nm. This is because the excitation energy of molecule covalent
bindings typically lays around 2~3 eV.50 Thus, the irradiations are not only harmful
or lethal to researchers, but also have a very high absorption in aquatic
environments.51 Though some study shows the possibility of actuating glassy
polymer by visible or near infrared light through photo-thermal effects, the localized
high temperature will induce unwanted environment changes such as tissue burns,
polymer degradation and et. al. As direct applying photo-irradiation to the polymer
system are difficult for bio-related, solvent-based applications, the development of a
new strategy that can overcome such limitations are needed.
The aim of this thesis is to introduce a novel strategy (“photo-encoding” process)
that enables temporary storage of UV light energy into the polymer film and fast
controllable thermal activation at body or higher temperature in densely cross-linked
polymers. The proposed strategy should not only allow us to use high accurate
stationary light source to selectively activate part of the polymer but also provide
easy and scalable ways of patterning the liquid crystalline polymers structures for
complicated deformations. Erase and reprogram should also be easily applied to the
same glassy polymer film without notable performance degradations.

11

1.6 Outline of dissertation
The thesis will be presented in the following manners:
In Chapter 2, detailed liquid crystal monomer synthesis and characterization is
demonstrated. Then a liquid crystal alignment patterning method based softembossing technique is used to manufacturing the multi-domain programmable
liquid crystalline glassy polymers. After polymers were characterized by polarizedFTIR and UV-VIS spectrometer, the “photo-encoding” process were introduced and
demonstrated for further studies.
In Chapter 3, key factors such as isomer concentration, initial programming loadings
and irradiation doses, which can alternate the body temperature triggered actuation
performance is investigated. Temperature selective actuation performance and the
ability to erase and reprogram are then presented in the later part of this chapter.
In Chapter 4, basic actuation mechanism is investigated from both thermomechanical and polymer liquid crystal mesogen alignment aspects. By taking
azobenzene thermal isomerization kinetics into consideration, a chemical reaction
involved viscoelastic model is proposed.
Chapter 5 will present several self-deployed structure examples such as folding,
“inch worm” structures, coiling, “S-shaped” coiling and helical windings. By taking
advantage of the single/double side activation, selective activation by polarized light
and the use of grey level photomask, we will also demonstrate some applications like
self-deployed constant force springs, automatous temperature selective droplet
container and shape adaptive blood vessel stents.

12

Chapter 2. Methodology and characterization
2.1 Synthesis of bi-functionalized azobenzene acrylates
The two-step synthesis method (shown in Figure 7) of bi-acrylic functionalized
azobenzene starts from commercially available 4,4'-(diazene-1,2-diyl)diphenol
(DHAB, Tokyo Chemical Industry Co).

52

K2CO3, 6-chlorohexan-1-ol, KI, MgSO4,

trimethylamine, acryloyl chloride, and hydroquinone were obtained from SigmaAldrich and used as received. Tetrahydrofuran (THF), N,N-dimethylformamide
(DMF), chloroform, methanol, ethyl acetate, and deionized (DI) water were obtained
from Daejung Chemical Co.

Figure 7. Synthesis scheme for the production of 2azo.

In the first step, 4,4'-(diazene-1,2-diyl)diphenol (2 mmol), 6-chlorohexan-1-ol (5
mmol), and K2CO3 (5 mmol) were dissolved in DMF (10 mL). A trace amount of KI
was added as a catalyst to the mixture, which was refluxed at 120 °C for 18 h. After
the reaction, the mixture was cooled to room temperature (25 °C) and 200 mL of
water was added to fully terminate the reaction. Bright yellow precipitates were
collected, dried overnight, and extracted by a THF–chloroform (1:1 v/v) solution.
The organic layer was dried with MgSO4 and recrystallized in a THF–methanol (5:4
v/v) solution to yield 4,4′-bis(6-hydroxyhexyloxy)azobenzene (1). The bright-yellow
powder after crystallization were characterized by 1H-NMR (shown in Figure 8a) to
confirm the full conversion of DHAB (yield: 96%).
13

Figure 8. 600 MHz H1-NMR spectra of (a) compound 4,4′-bis(6-hydroxyhexyloxy)
azobenzene (1) and (b) 4,4’-bis(6-acryloyloxyhexyloxy)azobenzene (2azo).
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In the second step, 1 (2 mmol), triethylamine (2 mmol), and acryloyl chloride (6
mmol) were dissolved in dehydrated THF (100 mL). A trace amount hydroquinone
was dissolved to stabilize the self-polymerization. The solution was mixed at 0 °C
for 4 h and then at 40 °C for 24 h. The reaction was quenched by pouring 500 mL of
DI water into the mixture, after which it was extracted with chloroform several times.
The organic phase was then dried with MgSO4. After filtration, the extracted solution
was

condensed

and

purified

by

silica

gel

column

chromatography

(eluent/chloroform:ethyl acetate = 1:1, v:v). The resulting material was recrystallized
in methanol to yield pure 4,4’-bis(6-acryloyloxyhexyloxy)azobenzene (2azo, yield:
66%). 1H-NMR (Figure 8b, 600 MHz, CDCl3): δ = 7.86 (dd, 4H), 6.98 (dd, 4H), 6.42
(d, 2H), 6.13 (dd, 2H), 5.82 (dd, 2H), 4.18 (t, 4H), 4.04 (t, 4H), 1.84 (m, 4H), 1.73
(m, 4H), 1.5 (m, 8H).
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2.2 Fabrication of programmable multi-domain liquid crystal
alignment cells
To control the liquid crystal monomer alignment during polymerization, local
molecular guidance is needed. Conventionally, this is achieved by constructing two
by sealing two pieces of rubbed glass coated with nylon resin (0.5 wt% Elvamide in
methanol, DuPont) and 20 µm polymethacrylate spherical microparticles (Fluka,
Sigma-Aldrich).43, 53-54 The rubbed polyimide surface contains unidirectional nanoscale trenches along the rubbing direction, which provides enough anchoring energy
for LC molecules self-assemble into the guided alignments. However, this method
only offers large scale mono-domain liquid crystal alignment solutions.
For better control the liquid crystal alignments, artificial micro-scale patterning
techniques are required. Several recent developed technologies, which takes
advantages over the soft-lithographic methods have demonstrated a fast and low-cost
way of realizing complex liquid crystal alignments in single LC cells.55
This section will demonstrate a further development of this technology to overcome
the size and design limitation for rapid prototyping based on the combination of softembossing and typography method.

16

Figure 9. Scheme of soft-embossing fabrication of patterned cell glasses

The multi-domain LC cells consist two mirror-reflected patterned cell glasses. To
fabricate these glasses, PDMS stamp units are first manufactured by curing degassed
PDMS precursors (Sylgard 184) on the flat dry-etched wafers with micro-patterns.
The PDMS mixtures are cured at 65 °C for 1 hour and mechanically peeled off from
the silicon wafer. This process is repeated for several times to obtain decent amount
of PDMS stamps for stamp assembling.

17

To assemble the PDMS stamp units accordingly, units are placed on the vacuum
tweezer tip and positioned on a photoresist spin-coated slide glass (SU-8 2000.5,
2000rpm for 40s, thickness: ~500nm) at room temperature under the microscope
(Dino-Lite, AM73115MTF, back lights: BL-ZW1). The position of the slide glass is
controlled by motorized stages (RB13M equipped with MAX3SLH holder and
TTR001 rotational stage, Thorlab) to ensure fine alignment of the stamp assemblies.
After fully assembled all the PDMS units, the slide glass is then degassed and heated
at 95 °C for 15 mins. At this condition, there will be no remain air trapped inside of
the microstructures. After cooling down, the patterned slide glasses were subjected
to 365nm UV irradiation (50mW, 15 mins) to fully cure the SU-8 coating.

Figure 10. Scanning electron microscope (SEM) captured image of (a) PDMS
stamp replica with micro-patterns (pitch width = 533.2 nm (bottom) to 477.34
nm (top)) and (b) SU-8 pattern after soft-embossing on slide glassy (pitch width
= 474.6 nm (bottom) to 521.5 nm (top)). Microscopic image of replicated
patterns: (c) PDMS stamp and (d) SU-8 replica after soft-embossing process.

18

Figure 10 demonstrate the goodness of our soft embossing procedure. As shown, the
PDMS stamps can faithfully replicate the feature size of the dry-etched microstructures on the silicon wafer (pitch size = 500 nm). The measured mismatch is
within 40 nm. Microscopic images show the peeling off procedure will not damage
the micro structure and provide nice uniform 2D features on the soft-embossed slide
glasses.

Figure 11. Scheme of LC cell assembly and LC alignment inside of the
assembled LC cell

To fabricate the LC cells, two mirror-symmetric micro-patterned glasses are aligned
under the microscopy with 20 μm spherical microparticles spacer placed between
the glasses. Then the glass is sealed with optical glue (NOA-63, Norland) to provide
stable LC cells.

19

Figure 12. (a) Photo image of the assembled multi-domain LC cell. Domain
alignments of the LC cell is scheme as the red line indicated. Photo-image of LC
mixture after injection into the LC cells and analyzed through (b) polarizer and
analyzer (c) polarizer parallel to the injection direction (d) polarizer
perpendicular to the injection direction.

Our home-made LC cells shows great LC mesogen alignment ability as
demonstrated in Figure 12. As shown, the home-made LC cells scatters light
according to the local surface microstructures. After fully injection of the LC mixture,
LC mixture shows birefringence under a crossed polarized light (Figure 12b). After
polymerization, different region shows different absorbance according to the local
LC mixture alignments (Figure 12c,d) regarding to the polarization angle of the
incident light.
20

2.3 Synthesis of multi-domain azobenzene liquid crystalline
glassy polymers

Figure 13. Monomer structures used in this thesis. (Up) 4,4’-bis(6acryloyloxyhexyloxy)azobenzene

(2azo).

(acryloyloxy)propoxy)phenoxy)carbonyl)phenyl

(Down)

4-((4-(34-(3-

(acryloyloxy)propoxy)benzoate (S3H).

The programmable multi-domain azo-LCP is polymerized from the molten liquid
crystal monomer mixture at their nematic phase. Since the as-synthesized
azobenzene monomer (2azo) don’t have any liquid crystal mesophase, a host LC
phase maintainer (S3H) is used. Both of the isomer and LC monomer structures are
shown in Figure 13.
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Figure 14. POM transmittance measured phase diagram of 2azo-S3H LC
mixture at a cooling rate of 3 °C/min.

As measured by the polarized optical microscopic (POM, shown in Figure 14)
equipped with stage heater (THMS600, Linkman), pure S3H LC monomer have a
very board nematic phase temperature region (from 169 °C to 115 °C) and higher
order smectic A phase (from 114 °C to 78 °C) during the cooling down process. As
the 2azo concentration increases in the well-mixed LC monomer mixtures, the
temperatures for isotropic to nematic phase transition (TI-N) and nematic to smectic
A phase transition (TN-S) decrease. Eventually, the smectic A phase region is
indistinguishable from POM in LC mixtures with 50 mol% 2azo.
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Figure 15. (a) DSC traces of an LC mixture (2azo = 30 mol%) upon heating and
cooling at 3 °C min-1. (b) Transmittance (brightness) traces of the LC mixture
(2azo = 30 mol%) in LC cells upon cooling at 3 °C min-1.

The accuracy of POM brightness measurement is confirmed by the DSC cooling and
heating circle under inert gas atmosphere (shown in Figure 15). The phase transition
temperature difference between the two different measurement method are less than
1 °C. After adding 2 wt% of photo-initiator (Chivacure® 534, Chitec co.), the
temperature of polymerization is selected to be at 105 °C, which gives crystal clear
polymer film after the crosslinking reaction.
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To fully polymerize the LC mixtures, well-mixed LC monomer mixtures were drawn
into the fabricated LC cells by capillary force at 105 °C. After stabilization treatment
for 0.5 h in the dark, the mixture was polymerized under a green collimated LED
lamp (530 nm, LCS-0530, Mightex) at an intensity of 50 mW cm-2 for 2 h to form
the densely cross-linked LCPs.

Figure 16. (a) Image of the fully polymerized free-standing multi-domain azoLCP film (2azo = 30 mol%). The round colored dot indicates the polarizedATR-FTIR measured points. (b) Microscopic image of polymerized freestanding azo-LCP film. (c) POM images of azo-LCP polymer films, taken at 0˚
and 45˚ between the polarizer angles. (d) Polar-plot of the peak absorbance
at wavenumber 1600 cm-1 at function of measured angles.
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As shown in Figure 16a and b, the fully polymerized film inherit the patterned
microstructure from the LC cells. POM images and p-ATR-FTIR spectra measured
as different domain of the azo-LCP indicate that after polymerization, mesogen
alignment could be aligned and persevered according to the local alignment director
(micro-groove direction). The resulted polymer film presents high dichroitic ratios
and order of parameters (up to 7.9) owning to the perfect smectic A alignment.

Figure 17. (a) 2D SAXS pattern of S3H/2azo composite LCP thin films at room
temperature. (b) 1D SAXS patterns of the LCP samples.

This is further confirmed by the small angle X-ray scattering (SAXS) measurements
where the higher order of mesogen alignment could be observed in the 2D SAXS
patterns. The peak of 1D SAXS (Figure 17b) confirmed the layer thickness of
mesogen alignments (33.979 Å) are the same as the length of simulated S3H
molecular structure length (34.58 Å).
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Figure 18. Dynamic mechanical analysis (DMA) of azo-LCP (c2azo = 30 mol%).
(a) Plot of the storage modulus as a function of temperature. (b) Plot of tan δ as
a function of temperature. Dynamic testing was carried out at a frequency of 1
Hz with a temperature ramping of 3 °C min-1.

The thermos-mechanical performance of the synthesized LCP film were also
characterized by using the Dynamic mechanical analysis (DMA). As shown in
Figure 18, upon heating, the azo-LCP film exhibited a high storage modulus (~3600
MPa) and a glass-transition temperature (Tg) of 100.6 °C. The crosslinking densities
of azo-LCP were calculated according to Eqn. 1. 56
𝑣𝑣𝑒𝑒 =

𝐸𝐸𝑟𝑟′
3𝑅𝑅𝑇𝑇r

1

, where 𝐸𝐸r′ is the storage modulus at temperature Tr and Tr = Tg + 50 °C is the
starting temperature for the rubbery region.

Table 1. Composition and thermal-mechanical properties of azo-LCP films used
in this study.
azo-LCP
film

2azo
S3H
(mol %) (mol %)

E′ t
30 °C
(MPa)
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E′r at Tr
(MPa)

Tg
(°C)

ve
(mol/dm3)

MD-S3H10
MD-S3H20
MD-S3H30
MD-S3H40
MD-S3H50

10

90

20

80

30

70

40

60

50

50

3800 ±
210
3400 ±
150
3500 ±
135
2800 ±
100
2000 ±
250

488.9

108.4

45.42

480

103.6

45.11

410

100.65

38.707

320

94.5

30.99

122.8

80.27

12.21

The measured thermal-mechanical property of azo-LCP films are summarized Table
1. Generally, the crosslinking densities of azo-LCP decreases as the isomer
concentration increases. One possible explanation of this tendency is the length
mismatch between the two mesogens, which sterically hinders the polymerization.
Because this thesis is focusing on densely cross-linked polymers actuators, we focus
our research interest in azo-LCP with 2azo content less than 40 mol% (before the
drop down of crosslinking densities).
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2.4 Method for photo-encoding and body temperature
activation

Figure 19. (a) Illustration of the photo-encoding process and body temperature
activation of the photo-encoded azo-LCP actuators. (b) Experimental setup for
the “photo-encoding” procedure.
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To light program the azo-LCP samples for body temperature activation, the azo-LCP
films need to go through a “photo-encoding” process. For a typical procedure of the
“photo-encoding” process (shown in Figure 19), the film was first subjected to an
initial stress in a dynamic mechanical analyzer (Q800, TA instrument) under strain
constant conditions (𝜖𝜖 = 0.01%). Samples were stabilized for 120 s in the analyzer
and then illuminated with two collimated 365 nm polarized lights (lights: LCS-036504-11, Mightex; polarizer: WP25M-UB, Thorlabs) through the printed polystyrene
photo-masks for a designated period of time. After illumination, the “photo-encoded”
azo-LCP samples were carefully removed from the clamp kit and stored at 0 °C for
later activation. The experimental setup is demonstrated in Figure 19b.
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Figure 20. (a) Schematic diagram depicting the performance-measurement
setup. (b) The video camera captured bending images of azo-LCP (c) The
computer recognized deformations.

The thermal activation process is carried out on a temperature controlled hot plate
preheat and stabilized at the designated temperature for 1 hour before tests (Figure
20a). To eliminate visible-light-triggered cis-trans azobenzene isomerization,
experiments were conducted in a dark room illuminated with dim red light (~1 mW
cm-2, 625 nm) to assist the video recording (Figure 20b). Red-light reflectors were
connected at the ends of the LCP strips for computer imaging purposes (Figure 20c).
The recorded actuating performances were analyzed frame to frame producing
bending angles (𝜃𝜃) as a function of activation time.
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Chapter 3. Basic performance study
3.1 Characteristics of actuation

Figure 21. (a) azo-LCP film (25 mm × 5 mm × 20 µm) after photo-encoded
activation by hand. (b)Time dependent strain, stress and temperature profile
during photo-encoding process and measure of thermal activated contraction
at body temperature. The azo-LCP sample (2azo = 30 mol%) is subjected to 50
mW/cm2 UV irradiation at both side in an open-furnace model.
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A simple demonstration of deformability at body temperature is shown in Figure
21a, in which a photo-encoded LCP film (5 mm × 25 mm × 20 µm) is activating by
hand. The film was photo-encoded at an intensity of 30 mW cm-1 for 10 min through
a photomask with a 20 mm UV-transparent gap. Upon activation, the unmasked
region exhibited immediate bending followed by coiling in the hand. The entire
deformation process, in which the LCP ended up in a tubular shape, lasted only 12 s.
The structure was stable when hand held for over 20 min prior to the end of the
experiment.
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The mechanical responses of azo-LCP glassy actuator before, during and after photoencoding process is shown in Figure 21b. After 10-minute room temperature
relaxation at dark, the thermal strain responses of “photo-encoded” azo-LCP is
measured at minimal stress conditions. As shown, during the photo-encoding process,
stress rapidly build up in the iso-strain condition from 6.4 MPa to 7.2 MPa due to
the isomerization of azobenzene moieties in the azo-LCP polymeric network. The
built-up stress eventually saturates after 5 minutes of double side irradiation due to
the full UV penetration and isomerization of azobenzene in the actuator. After
extended periods of UV irradiation to ensure the uniform distribution of cisazobenzene, the strain constant condition was replaced by a constant minimal stress
(0.05MPa) to keep the film straight while the strain relaxation was measured. This is
to simulation the process after photo-encoding, where samples were removed from
the coding machines. The dark room temperature relaxation test demonstrates that
after relaxation the sample would have up to 0.1% shrinkage comparing to the
sample during encoding, which may be responsible to the cause of initial curvature
after programming. After a fast temperature ramping process (20 °C/min), body
temperature activated maximum generated strain is measured to be up to 1% at 3
min after activation. Right after the generated strain saturates, a slow decrease of the
strain is observed, which may due to the thermal-back trans-cis isomerization of
azobenzene at body temperature.
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3.2 Temperature effect on actuation performance

Figure 22. (a) Thermal activation of photo-encoded azo-LCP (2azo = 30 mol%)
at 37 °C. The azo-LCP was programmed at 30 mW cm-2 for 240 s through a
photomask with 1.0 mm slit. (b) Thermal activated “photo-encoded” azo-LCP
bending curvature as a function of time at different activation temperatures.
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The temperature selectivity and the temperature dependent actuation performance of
the “photo-encoded” azo-LCP is the one of key performance parameters. A perfect
body-temperature triggered actuator should be stable in room temperature (~ 20 °C),
but capable of actively deforms once subjected to the working condition. Figure 22a
demonstrate the camera captured body-temperature activation of “photo-encoded”
azo-LCP thin film (2azo = 30 mol%) programmed through a photo-mask with 1mm
slit. As shown, the deformation is limited to the programmed region, while the rest
of azo-LCP remain in its original flat shape. The localized bending deformation
occurs spontaneously as the sample is placed on the hot plate with most of its bending
motion completed within 10 seconds. Degree of bending was found mostly stable at
body temperature. After 30 min the activated azo-LCP shows minor shape-recovery
effect. The measured bending angles (𝜃𝜃) were converted into curvatures (κ) using
Eqn. 2 to facilitate direct comparisons.
𝜃𝜃 ⋅ 𝜋𝜋
𝜅𝜅 =
180° ⋅ 𝑙𝑙

2

Figure 22b shows the computer recognized thermal-activation performances over
the 20–60 °C temperature range. The study reveals that the magnitude of deformation
is highly temperature dependent. As shown, the photo-encoded LCP was mostly
inactive, where the maximum bending curvature activated at 20 °C (κmax) is only
0.05 mm-1. Upon body-temperature activation (37 °C), the photo-encoded azo-LCP
rapidly bent to the maximum bending curvature (κmax = 1.15 mm-1), providing
appropriate temperature selectivity for body-temperature activation. Further
increases in activation temperature not only increased κmax, but also sped up the
shape-recovery process due to the thermal cis-to-trans back reaction of azobenzene.
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3.3 Effect of isomer concentration

Figure 23. Body-temperature activated bending performance in “photoencoded” azo-LCP with different 2azo content.
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The body-temperature activated actuation behavior in azo-LCP glassy polymer
shows clear relationship with the isomerization of azobenzene in the illuminated
region during the “photo-encoding” process. Therefore, this section will demonstrate
how the isomer concentration in the glassy actuator affects the body-temperature
activated bending performance. Because 2azo is a strong UV non-linear absorption
dye, the propagation of UV light will not follow the Beer-Lambert law. The resulted
concentration gradient of cis-state azobenzene will dramatically affect the bending
behavior of “photo-encoded” azo-LCP. Therefore, Figure 23 will demonstrate the
highest bending performance measured in azo-LCP with different 2azo concentration.
This means only surface half of the azobenzene was isomerized during the “photoencoding” process. The condition for photo-encoding the maximum bending
curvature is 15s, 100s and 240s at 30 mW cm-2 UV irradiation intensities for 10, 20
and 30 mol% of 2azo in the glassy actuator. For 40 and 50 mol% 2azo samples, our
experiments show that extended illumination will not lead to decreased bending
performance, which means UV light can hardly penetrate to the half thick position
of azo-LCPs.
As shown in Figure 23, body temperature activated azo-LCPs generally show same
deformation patterns regardless of the isomer concentration difference. Times for
each sample reaching to their maximum bending curvature (tmax) varies a little (~150
s after activation) and the shape recovery speed is also independent from the isomer
concentration. Nevertheless, κmax is different for each azo-LCP. Higher isomer
concentration (30 mol%) shows much higher (more than 6 times) bending curvature
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

than low isomer concentration samples (10 mol%). Consequently, bending speed ( )
was found higher in high isomer concentrations samples than it is in lower
concentration samples.
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The observations in Figure 22b and Figure 23 suggest that the shape-recovery
process is a chemical cis-trans reaction instead of a thermal-mechanical process. As
the thermal-back reaction constant K c−t of azobenzene could be expressed by Eqn.
357

Ea

K c−t = A ⋅ e−RT

3

, which is only a function of environment temperature (T). Here, A and R are the
reaction and ideal gas constants, respectively. More detailed discussion will be
provided in section 4.4.

3.4 Effect of irradiation dose

Figure 24. Effect of the photo-encoding conditions (light intensity and UV
irradiation time) on the maximum bending curvature (κmax).
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We next explored controlling the level of deformation through altering the irradiation
conditions during the photo-encoding process. Due to the photochromism of
azobenzene, direct comparisons between irradiation dose and bending curvature
cannot be applied to our system.[REF] Therefore, we carried out separate studies in
which the effects of irradiation time and light-encoding intensity were investigated.
The maximum curvatures (κmax) following activation at 37 °C are summarized in
Figure 24. As illustrated, the irradiation conditions were shown to significantly
influence the κmax of the photo-encoded LCP. With short encoding times at intensities
of 30 and 50 mW cm-2, κmax increases rapidly because of the build-up of stored stress
at the LCP surface induced by cis-azobenzene. It takes either 60 s at 50 mW cm-2 or
300 s at 30 mW cm-2 to achieve the κmax limit of ~1.2 mm-1. Studies under 10 mW
cm-2 encoding conditions failed to reach to the κmax limit because of the combination
of azobenzene and the LC-host shading effect, which prevented the further
penetration of UV light during encoding.43 Prolonged encoding times failed to
further enhance the deformability of LCP since the stored stress in the LCP had
penetrated throughout the film thickness, resulting shrinkage rather than bending.
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3.5 The ability of reprogramming and storage after photoencoding
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Figure 25. (a) Bending curvature (κmax) after repeated rewrites in the same LCP
region (encoding area: 1 mm wide). (b) LCP storability following photo encoding.
The same LCP sample was stored at room temperature for the designated time before
activation at 37 °C.
The ability to easily rewrite the encoded information on the LCP film offers multiple
advantages for practical applications. With the assistance of visible light (530 nm,
50 mW cm-2, 10 min), the encoded deformation can be completely erased both before
or after body temperature activation (Figure 25a). This photo-encoded-LCP behavior
not only provides great recyclability over existing samples, but also facilitates rapid
deformation prototyping for structural designs. Moreover, the traditional thermal
recovery process widely used in shape-memory polymers is also available at 105 °C,
which provides multiple recovery choices, depending on the application conditions.
More importantly, no performance degradation or residual deformation was
observed in the last-activated areas following rewriting, suggesting that the
previously encoded deformation information had been completely removed. The
programmed deformation shows great repeatability with the difference of maxium
bending curvature ∆κmax = ±0.07 mm-1 among the 10 times of repeated activation.
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The capability of preserving the “photo-encoded” state for later activation is another
important performance parameter for further applications, since our photo-encoding
process involves direct exposure of the LCPs to bio-damaging UV radiation. Figure
25b displays the performance-degradation profile following storage at room
temperature (~17 ± 3 °C). Time-lapse experiments reveal that κmax slowly decreases
over time as a result of the unavoidable thermal-back reaction of azobenzene; the
half-life of the “meta-stable” state is around 2 h after photo encoding. Here, we point
out that the sample can be stored at a lower temperature, which would significantly
suppress the thermal-back reaction, thereby prolonging the storable time before
activation.
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Chapter 4. Actuation mechanism
4.1 Azobenzene isomerization kinetics in photo-encoded LCP

Figure 26. (a) UV–vis absorption spectra of the azo-LCP thin films (12 µm, 2azo =
30 mol%) during UV light irradiation. (b) Molar ratio of cis-azobenzene in azo-LCP
film in different irradiation intensities (10, 30 and 50 mW/cm2).
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One of the effects accompanied by the photoisomerization effect of azobenzene are
the dramatic change in the spectra of azobenzene.39 Because the molecular structure
change, electron redistribution on the energy level happens, where the band gap of
𝜋𝜋 → 𝜋𝜋 ∗ becomes lower and 𝑛𝑛 → 𝜋𝜋 band gap higher. The change of the energy level

resulting a huge absorption decrease in the original 𝜋𝜋 → 𝜋𝜋 ∗ wavelength and slightly

increase at both higher and lower wavelength or the spectra. This effect is usually
called “photo-bleaching effect”, given by the disappearance of the original
characteristic absorption band. Since it takes time for the photo-chemical reaction of
isomerization took place, the light penetration profile becomes a function of
irradiation time. This makes the conventional Beer-Lambert law couldn’t be directly
applied to predict the spatial isomerization profile of azobenzene.
As shown in Figure 26a, UV irradiation of the azo-LCP film at 50 mW/cm2 gradually
changes the UV spectra of the glassy film. The trans-azobenzene characteristic peak
appears at 365 nm in the spectrum decreases as the prolonging of the irradiation.
After 20s of irradiation, a characteristic peak of cis-azobenzene at 455 nm is
becoming distinguishable. To obtain the concentration of trans-/cis-azobenzene in
the polymer, the Beer-Lambert law in Eqn.4
𝑁𝑁

𝐴𝐴 = � 𝜖𝜖𝑖𝑖 𝑐𝑐𝑖𝑖 𝑑𝑑
𝑖𝑖=1

4

is used, which 𝜖𝜖𝑖𝑖 is the absorptivity of the species, 𝑐𝑐𝑖𝑖 is the measured

concentration and 𝑑𝑑 is the film thickness.
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Figure 26b shows the time profile of the cis-azobenzene concentration in the film in
different irradiation intensities. As shown, different intensity will saturate to different
concentration level due to the shading effect from the LC hosts and minimal
irradiation intensity required to initiate the trans-cis isomerization. Under
50mW/cm2 irradiation conditions, UV-VIS spectra shows almost all the transazobenzene could be isomerized into cis-state, which validates the observation in
Figure 24, where prolonged irradiation will resulting shrinking instead of bending.
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Figure 27. (a) UV-VIS spectra of pristine (before photo encoding) and photoencoded LCP samples. The masked and unmasked regions are measured separately
in two independent experiments to ensure full coverage of the spectral probe beam.
The same sample was encoded using different photomasks that were totally UV
opaque or contained a 20 mm UV-transparent gap. (b)Illustrating how the photoencoding conditions affect κmax at different irradiation conditions.
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Since the trans-cis isomerization of azobenzene requires UV irradiation on the azoLCP, the UV-VIS spectra after photo-encoding process also highly depends on the
spatial distribution of the UV intensity. In Figure 27a, the UV-VIS spectra at mask
and unmasked area on the same samples is compared. As shown, most of the cisazobenzene is localized at the unmasked region (up to 27.6 mol%), where in the
masked area, there is only tiny increase in the cis-azobenzene concentration (from
0.005 mol% to 0.03 mol%). The uneven distribution of the cis-azobenzene
throughout the azo-LCP glassy actuator only defines the localization of the bending,
but also control the degree of bending.
A scheme of how will cis-azobenzene distribution along the thickness of film
influence the deformation behavior is presented in Figure 27b. According to the 2D
beam theory, it should be around 50% of azobenzene conversion that triggers the
largest bending curvature at 40~60s of photo-encoding time. Decreased irradiation
intensities will decrease the maximum cis-azobenzene concertation, which also
explains why film still tends to bend instead of shrink even after long encoding
period (30 and 10 mW/cm2 cases). The reaction constant for azobenzene trans to cis
isomerization (𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖 ) is measured to be 0.384, 0.217 and 0.05 M/s.
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4.2 Body

temperature

triggered

reorientations
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mesogen

alignment

Figure 28. 2-D Wide-angle X-Ray scattering (WAXS) and Small-angle X-ray
scattering (SAXS) analysis of azo-LCP (2azo = 30 mol%) (a) before photo-encoding
process (b) after photo-encoding process (c) after thermal activation at bodytemperature. The azo-LCP samples were subjected to 10 mins whole sample
irradiation at 50 mW/cm2.

49

The UV-VIS spectra study suggests that azobenzene are capable of undergoing transcis isomerization under the photo-encoding condition. Meanwhile, after the photoencoding process, the azo-LCP film presents no obvious photo-induced deformations
until body-temperature activation. These observations are different to the direct
photo-induced deformations reported before, in which polymeric network
spontaneously changes with the azobenzene isomerization. To better understand this
phenomena, we first look into the polymeric alignment and mesogen orientations in
the azo-LCP samples in different stages.
Figure 28 shows the X-ray scattering patterns of the same azo-LCP at different stages.
As shown in Figure 28a, before photo-encoding, the azo-LCP shows a clear
scattering pattern along the LC mesogen direction in WAXS analysis. The overall
parameter of orientation (S) is measured to be 0.6645. Moreover, SAXS patterns
reveals a higher order of alignment perpendicular to the mesogen alignment direct,
which means the sample is successfully polymerized in their smectic A phase. After
photo-encoding (Figure 28b), S measured by WAXS slightly decreases to 0.6637 and
the SAXS pattern demonstrates the existence of the smectic layer. After activation,
the samples show a dramatic decrease in the orientation parameter from 0.6637 to
0.5468, with the disappearance of smectic layer signal in SAXS patterns.
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Figure 29. 1D SAXS diffraction of azo-LCP (2azo = 30 mol%) before photoencoding process, after photo-encoding process and after thermal activation at
body-temperature.

The disappearance of smectic layer is further confirmed by the 1D SAXS diffraction
measurement as shown in Figure 29. This indicates that there is a phase change from
smectic A to nematic mesophase occurred during the thermal activation, that could
be aroused by the immediate polymer-network relaxation occurs to release residual
stress in the photo-encoded region.
Though the measurement of X-ray scattering suggesting that a mesogen phase
changes occurs during the activation, it failed to provide further information on the
structural property on the photo-encoded azo-LCP samples. To characterize the
impact of photo-encoding process on the polymeric network structure, p-FTIR
studies were conducted.
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Figure 30. (a) Optimized S3H molecule structure. Blue vector indicates the
overall molecule dipole moment. (b) and (c) Simulated and measured IR spectra
of S3H LC host. (b) Calculated IR spectra using B3YLYP with the 6-31G basis
sets after optimization at tight convergence criteria. (c) Unpolarized ATR-FTIR
measured S3H powder spectra.
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To separately study the LC mesogen and azobenzene moieties in the azo-LCP, we
first attempted to correspond the IR frequency to each molecular vibrational mode.
The results are demonstrated in Figure 30. To further validate the correspondence
under polarized incident irradiation, the decomposed vibrational transition moment
angles (VTMAs) obtained by the simulation were also compared with the
experimental data fitted from Eqn. 5.
𝑃𝑃
𝑃𝑃
1 − 𝑃𝑃
𝑖𝑖
𝑖𝑖
𝐴𝐴𝑖𝑖 (𝛾𝛾, 𝜃𝜃) = 𝜅𝜅 � sin2 𝛾𝛾𝑚𝑚
+ �2 − 3 sin2 𝛾𝛾𝑚𝑚
� cos2 𝜃𝜃 +
�
2
2
3

5

𝑖𝑖
is the measured VTMAs at wavelength 𝑖𝑖; 𝐴𝐴𝑖𝑖 , 𝜅𝜅, 𝜃𝜃 are the absorbance
, where 𝛾𝛾𝑚𝑚

at wavelength 𝑖𝑖, absorption constant and measured angle, respectively. As shown in
Table 2 and Figure 30, not only the peaks from simulation but also the VTMAs
corresponds well with our experimental observations.

Table 2. IR vibration assignment of the polymer functional groups and
simulated/measured VTMAs angle (𝜸𝜸).
Wavenumber
(𝒊𝒊) in cm-1

Vibration
assignment

Functional
groups

Simulated 𝜸𝜸𝒊𝒊𝒔𝒔
in degree

Measured 𝜸𝜸𝒊𝒊𝒎𝒎
in degree

1600

v(C=C)

Ar Skelet.
Vibr.

𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
(as ref.)
𝒎𝒎

1510

v(C=C)

Ar Skelet.
Vibr.

𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
=10.86
𝒔𝒔

1150

v(C-O-C)

R-COO-R
Stret. Vibr.

1050

v(C-O-C)

Ar-COO-R
Stret. Vibr.
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𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+0.5334
𝒔𝒔

𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+3.8437
𝒎𝒎

𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+13.0153 𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+14.4495
𝒔𝒔
𝒎𝒎
𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+21.73
𝒔𝒔

𝜸𝜸𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
+21.1926
𝒎𝒎
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Figure 31. (a) ATR-FTIR spectra of DA-hex-AZ and S3H monomers. The
absorption bands are assigned as: ~1750 cm-1, C=O stretching bands; ~1600 cm1

, skeleton vibration bands of aromatic rings; and ~1060 cm-1, Ar-COOC

stretching bands. (b) p-ATR-FTIR spectra of azo-LCP (2azo = 30 mol%) at
room temperature with measuring angles parallel or perpendicular to the
nematic direction.
The well matched simulation provides extremely useful IR peak: ~1060 cm-1 (ArCOOC stretching bands) that only contributed by LC host (S3H). Pure monomer
spectra (Figure 31a) showed that both the LC mesogen and the azobenzene isomer
contribute to the absorption bands at ~1750 and ~1600 cm-1, whereas only the LC
host contributes to the absorption band at ~1060 cm-1. The bands at 1060cm-1 was
due to the aromatic-connected C-O-C stretching vibration, which is the unique
molecular vibrational model between S3H and DA-hex-AB monomers that could
separate the status of LC hosts from the overall LC system. Figure 34b is a view of
the p-ATR-FTIR spectra measured parallel and perpendicular to the nematic
direction for the polymerized films. The polymerization of LC monomer mixtures
was found to have no obvious effect on the assignments of the absorption peaks, and
the bands at ~1600 and ~1060 cm-1 could be used to measure the change of overall
azo-LCP and LC hosts alignments.
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Figure 32. p-FTIR spectral study of (a) pristine (b) photo-encoded and (c) bodytemperature activated. Measured peak intensities at wavelengths of 1600 cm-1
(C=O stretching bands) and 1050 cm-1 (Ar-COOC stretching bands) are plotted
as a function of measuring angle.
As shown in Figure 32, the p-FTIR studies have shown similar tendency as the Xray scattering indicated, where the overall azo-LCP order of parameter (dichroic ratio)
slightly decreases after the photo-encoding procedure.
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Figure 33. Scheme of the mesogen and azobenzene status during each procedure.

More importantly, the frequency decoupled studies reveals that LC mesogen order
of parameter increases after the photo-encoding process. This indicates that the
selected S3H LC mesogen are capable of forming a “meta-stable” polymeric
structure (shown in Figure 33) with better mesogen alignments to compromise the
isomerization of azobenzene.
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4.3 Photo-induced thermal-mechanical property changes

Figure 34. (a) Temperature dependent storage modulus comparison of azo-LCP
(c2azo = 30 mol%) before and after photo-encoding process. (b) Temperature
dependent tan δ comparison of azo-LCP (c2azo = 30 mol%) before and after
photo-encoding process.
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As demonstrated in the last section, isomerization of azobenzene will accumulate the
bent-form cis-azobenzene in the polymeric network during the photo-encoding
process. That will cause unavoidable changes in the local polymer properties even
before the activation of the glassy actuator. Here, we present the comparison of
thermo-mechanical property changes before and after the photo-encoding process.
In Figure 34a, we first look into the change in the storage modulus of the azo-LCP.
As shown, after the photo-encoding process, the modulus of azo-LCP experience a
dramatic at room temperature (from 3.6 GPa to 1.6 GPa). As the temperature increase,
the difference between E’ increases. Though the thermal dependent test for the azoLCP ended before the modulus decreased to a rubbery state because the thermal cistrans reaction of azobenzene, from the elastic behavior of azo-LCP, we still can
observe the starting temperature of glass-transition for photo-encoded azo-LCP
(13.5 °C) is much lower than the pristine samples (60.3 °C). The glass transition
temperature, on the other hand, is determined by the characteristic peak of tan δ
(shown in Figure 34b). As shown in the figure, the glass-transition temperature of
azo-LCP before and after photo-encoding process is completely different, where the
pristine azo-LCP is ~100.6 °C, comparing to the “photo-encoded” state to be
~41.7 °C.
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Figure 35. The shape changes (length changes) of azo-LCP (2azo = 30 mol%)
before and after photo-encoding process. The initial length (L0) is set at room
temperature for better comparison.
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The above study has shown that even under a constrained condition (iso-strain mode),
the azobenzene moieties not only are capable of conducting trans-cis isomerization,
but also can drastically alternate the thermos-mechanical properties. This change in
thermo-mechanical properties eventually lead to different thermal expansion
(contraction) profiles. Figure 35 demonstrates the changes of the length profile
during dynamic mechanical analysis after photo-encoding process. As shown, the
exact temperature for thermal induced contraction starts around 33 ~ 34 °C. At body
temperature, the relative length for the photo-encoded samples are already shorter
than the ones before the process. This proves that at body temperature, glassy
actuator will bend towards the irradiation side, where most of cis-azobenzene
aggregates. Here, we would like to mention that the dynamic analysis is requires a
constant strain to provide stable visco-elastic responses, therefore, the measured
relative length is much smaller than the ones at free boundary conditions. As the
result, we could expect a much larger actuation strain output during the activation.

4.4 Viscoelastic model for accurate deforming prediction

Figure 36. Schematic of a Voigt model and a generalized Maxwell model
consisting of n Maxwell elements connected in parallel.
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The observed deformation kinetics were analyzed using a viscoelastic model that
considered both polymer thermal-relaxation and the azobenzene thermal back
reaction. We have considered both the Voigt and the generalized Maxwell
viscoelastic model, where a series of Maxwell elements joined in parallel. When
subjected to an initial residual stress (σ0 ) caused by cis-azobenzene in the LCP film,
the unloading-time elapse formula provides Eqn. 6:
ϵ = σ0 ⋅ � 𝐸𝐸𝑛𝑛−1 �e
𝑛𝑛

−

t
τn

− 1�

6

where 𝜖𝜖 is the time-elapsed strain profile, 𝐸𝐸0 and 𝐸𝐸𝑛𝑛 are the elastic modulus and
spring constant of the glassy polymer and nth Maxwell element. The nth Maxwell

element relaxation time is defined as 𝜏𝜏𝑛𝑛 . If we adopt previous work on direct UV
activation, the initial residual stress can be further expressed by Eqn. 7:58
σ0 = E0 P(T)Ccis (x, t)

7

where P is the reactivity of azobenzene, T is the temperature, and Ccis (x, t) is the

concertation profile of cis-azobenzene at thickness x and time t. If we consider only

the thermal-back reaction of azobenzene, then the concentration of azobenzene after
photo encoding is expressed by Eqn. 8 57
Ccis (x, t) = Ccis (x, 0)e−Kc−tt

8

where Ccis (x, 0) is the initial azobenzene concentration. By considering Eqn. 3, we

arrive at the strain-time profile given by Eqn. 9:
ϵ = P(T)Ccis (x, 0)E0 e−Kc−tt � 𝐸𝐸𝑛𝑛−1 �e
𝑛𝑛

−

t
τn

− 1�

9

By adopting the Euler–Bernoulli beam equation, the strain profile can be converted
into a curvature (κ) profile:
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𝑛𝑛

where the thickness of the sample is expressed by h. The essence of Eqn. 10 is the
separation of the encoding conditions, such as irradiation intensities and times, from
0
the system. For convenience, we simplify the prefix term into H(Ccis
, T) through

Eqn. 11:

0
H�Ccis
, T� =

12 h
h
t
(x, 0)E0 dx
� �x − � P(T)Ccis
3
h 0
2

11

Hence, Eqn. 12 is arrived at:
0
κ = H(Ccis
, T)e−Kc−tt � 𝐸𝐸𝑛𝑛−1 �e
𝑛𝑛

−

t
τn

− 1�

12

The Voigt viscoelastic model could also be derived in a similar manner. The
curvature equation is shown in Eqn. 13

0
κ = H′(Ccis
, T)[e−Kc−t t (e

t
− ′
τ

0
, in which the prefix parameter is H�Ccis
, T� =
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− 1)]

12 h
∫ �x
h3 0

13
h

t
(x, 0)dx.
− 2� P(T)Ccis

Figure 37. Fitting the viscoelastic models to the experimental deformation data
(2azo = 30 mol%; activated at 37 °C).
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The goodness of different viscoelastic models is compared in Figure 37. As shown
in Figure 37a, both of the model provide accurate prediction of the back-bending
behavior of the activated “photo-encoded” azo-LCP actuators. The main difference
of the model accuracy is during the first 5 minutes after body-temperature activation.
As shown in Figure 37b, the generalized Maxwell model provide accurate prediction
not only the maximum bending curvature κmax, in which the Voigt model overly
estimated, but also provide quantitative description of the initial bending speed,
where the Voigt model underestimated. The inaccuracy of the Voigt model prediction
suggests that accurate prediction of the body-temperature activated actuation
behavior requires consideration of un-even distribution of the cis-azobenzene across
the film thickness accompanied by the photo-softening effect, where the generalized
Maxwell equation uses a series of Maxwell elements to approximate. Here, the
modulus 𝐸𝐸𝑛𝑛 prediction during the model fitting is 1181, 2362 and 3393 MPa with
the corresponding relaxation time (𝜏𝜏𝑛𝑛 ) to be 83.8, 21.76 and 5.41 s. Both of the

constant is very close to the thermos-mechanical analysis modulus and transition
temperature difference before and after the “photo-encoding” process.
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Figure 38. Constants obtained by the least-squared fitting to our visco-elastic
model. (a) The Arrhenius plot of the cis-trans thermal back-reaction constant
(𝑲𝑲𝒄𝒄−𝒕𝒕 ) as a fuction of temperture. (b) 1st order relaxation times (𝝉𝝉𝟏𝟏 ) as functions

of activation temperature in azo-LCP glassy actuator with different 2azo
concentration.

The generalized Maxwell model is then used to obtain the thermal back reaction
constants 𝑲𝑲𝒄𝒄−𝒕𝒕 in different 2azo concentration and activation temperature

demonstrated in section 3.2 and 3.3. The Arrhenius plot of 𝐾𝐾𝑐𝑐−𝑡𝑡 as a function of

temperature (shown in Figure 38a) provides an activation energy of 12.73 kcal mol1

for the azobenzene thermal back reaction in the polymeric network, which is very

close to the previous studies.39 In Figure 38b, we demonstrated the 1st order relation
time as a function of activation temperature. This provide the transition temperature
information at the fully isomerized azo-LCP regions in the thickness. As shown, the
relaxation time of samples with both 2azo concentrations exhibits Arrhenius
behavior. Lower temperature will lead to much longer relaxation times comparing to
higher temperature. The exponential relationship provides good temperature
selectivity when carefully tuning the 2azo content in the azo-LCP actuators. We have
also found that both tested azo-LCP samples (2azo = 20 or 30 mol%) will deform at
37 °C, but samples with higher 2azo concentration only presents 50% of the
relaxation time comparing to the lower ones.
Here, we note that higher or lower molar ratios of 2azo in the LCP are unlikely to
benefit the body-temperature-activated deformations. Studies using LCP samples
high in 2azo (> 30 mol%) exhibited instantaneous room-temperature deformations,
whereas LCPs low in 2azo (< 20 mol%) showed significantly decreased deformation
abilities during activation.
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Chapter 5. Body temperature actuation in “Photoencoded” glassy actuator
5.1 “Photo-encoded” self-deployed 3D structures

Figure 39. Scheme to illustrate the feature of the unique programmability of
“photo-encoded” body temperature activated actuator.

In the previous sections, we have introduced the basic performance study of body
temperature activated “photo-encoded” azo-LCPs. Nevertheless, the ability of
performing body temperature activation in inert and stable glassy polymer is not the
only advantage of the photo-encoding strategy.
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Light distinguishes itself from the other means of programming and stimulations for
actuators (e.g. electric field, heat, magnetic, solvents) from its capability of remote
control and high energy input. Moreover, due to the easy control of the spatial
intensity distribution as well as the polarizing characteristic of the electric-magnetic
waves, light programming could offer much richer capability of controlling the
patterns than other types of stimulations (shown in Figure 39). These characteristics
have made photo-programming the main manufacturing methodology for the
modern semi-conductor industry (e.g. photolithography, photo-depositions and et.
al).
The strategy and methodology introduced in this thesis takes both advantage of the
light programming and the internal alignment programmability of azo-LCP systems,
which provide immersive amount of possibilities to realize the designed actuations.
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Figure 40. (a) Basic folding demonstration of the azo-LCP (2azo = 30 mol%,
mono-domain) activated at body temperature. (b) “Clip-shaped” folding
programmed through a gray-scale photo-mask in the same azo-LCP.

To prove the concept, we begin with demonstrating the implementation of different
folding structures in the same azo-LCP glassy actuator stripes with mono-domain
along the nematic direction. Folding is localized locomotion that can conduction
more than 90° bending. The implementation of folding to smart actuators are
important because it is one of the fundamental actuating elements for many
applications, such as 2D to 3D self-deployable structures and origami structures.
Though the realization of folding is trivial in traditional mechanics, it is not the case
in single smart actuators. One of the major difficulties is the requirement for
spontaneously perform as the structural (inactive) and deforming (active) materials.
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Since traditional SMPs are pre-programmed though the combination of uniform
fields, for example: heat and force field, it is very difficult to localize the deforming
region.59-61 The photo-encoding process provide the solution of partial activating of
the smart material whilst needless to consider the shading of the irradiation during
the actuation. Figure 40a shows the basic photomask used throughout the
performance studies. Due to the controlled light pathways, the irradiation is localized
at the designed folding region. After activation, the azo-LCP strip actuator can bend
to the “V-shape” within 10 seconds. The gray scale photo-mask is used for a more
complexed folding structures. Figure 40b demonstrate the realization of a “clipshape” 3D structure, where the azo-LCP could fold at both side forming space-saving
layered structures. To ensure the folding sequence and layer structure, one of the
photo-pathway were printed at the 30% gray-scale with wider slit size (2 mm). This
enables one-time photo-encoding for fast prototypes. The LCP actuation shows that
same azo-LCP used in Figure 40a could be well trained to sequential folded into the
“clip-shape” structure.

Figure 41. Demonstration of using double side “photo encoding” process
forming a self-folded "inch-worm" structure.
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As mentioned in Section 4.1, the photo-encoding process will generated a cisazobenzene concentration gradient from the side of UV irradiation. This provide the
possibility for dual side bending/folding motion after spontaneously UV irradiation
at both side of the sample. Here, in Figure 41, we show the feasible realization of a
“inch-worm” structure by double-side “photo-encoding” process. Because the
structure requires full-folding in one side and 90° folding in other two locations, we
have used two different photo-masks and irradiated from both side with different
period of times. As demonstrated in the figure, the irradiated actuator deforms
rapidly upon activation. Folding happens first at the programmed full-folding side,
and sequentially took place at the 90° folding region. After 10 seconds, the “inchworm” were fully formed as show from the top and side views.
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Figure 42. Demonstration of photo-encoding a snap-through structure at
activate at 50 °C to perform a snap-through motion.

In Section 3.4, we have mentioned that prolonged time of photo-encoding will not
benefit the scale of bending due to the over penetration of UV light across the midplane of the azo-LCP film thickness. Nevertheless, this is not necessarily means over
dosing the film is not useful. Figure 42 shows a snap-through actuation realized by
over dosing on the azo-LCP actuator. As shown, after 2 seconds of energy
accumulation, the photo-encoded actuator will pop-up from the flat plane within 0.1s.
The released energy is so big that the deformed structure jumped up from the plane
and bounced for several time till the stabilization. The implementation of self-form
snap-through structure requires surface expansion from the irradiation side, which is
provided by the expansion perpendicular to the nematic direction. The surface
expansion will introduce a structure induced energy barrier for snap-through motions.
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Figure 43. Demonstration of photo-encoding an off-axial aligned nematic monodomain azo-LCP (2azo = 30 mol%) for (a) full helical winding deformation and
(b) partially activated helical winding deformations.

As illustrated in Figure 39, apart from the spatial and property control of
illumination during the photo-encoding process, alignment of azo-LCP is also one
of the important factors that control the deformation (especially the bending
directions). Since the strategy requires fixing the boundaries while photoprogramming the azo-LCP actuators, whether this process is functioning under an
off-axial condition remains uncertain. Here, we demonstrate the programmed
deformations in off-axial aligned (45° to the nematic direction) mono-domain azoLCP samples. As shown in Figure 43a, after being photo-encoded for 100s at 30
mW/cm2 the azo-LCP sample can self-rolled into a helical shape with a radius of
~0.8 mm within 20 s, upon activation on a hot plate at 37 °C. The direction of
bending is found to be independent from the tension force we provided during the
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photo-encoding process, but follows the alignment direction. Figure 43b shows the
our capability of implementing the localized helical winding while controlling the
deformed winding diameter of the deformation in the same azo-LCP actuators.

Figure 44. Demonstration of photo-encoding a programmed multi-domain azoLCP actuator through employing (a) ordinary LED light (un-polarized) and (b)
45 degree tilted polarized light.

The compatibility of photo-encoding process in off-axial azo-LCP actuators offers
the potential to use multi-domain azo-LCP for body-temperature activation. Since
the isomerization of azobenzene in Smectic A phase is highly selective on the
polarization of incident irradiation, we then explore the possibility of using polarized
light to selectively activate the alignment domain of azo-LCP samples. Figure 44a
shows the programmed deformations in the multi-domain azo-LCPs. As shown,
upon activation, each domain deforms into the helical shape. The chirality of the
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winds depends only on the alignment direction of the domain. Since we have used
the ordinary light during the photo-encoding, all the domains were activated. After
10s, the actuator deforms into a designed “C-shape”. Comparing to ordinary light
programming, polarized light shows selective activation of the LC domains. As
shown in Figure 44b, only the domains that have the same direction as the polarized
light conducted deformation. After 10s, instead of full deformation into “C-shape”
structure, the same azo-LCP sample deforms into a chair-shaped structure.
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5.2 Self-deployed constant force springs

Figure 45. (a) Demonstration of the photo-encoding process for manufacturing
self-deployed constant force springs. (b) Illustration of a traditional constant
force spring. (c) Testing setup for performance measurement. (Tiny amount of
lubricating oil is used at the drum to reduce friction effect on the measurement)

In Figure 21a, we have demonstrated a photo-encoded azo-LCP glassy actuator
bending in the hand into a cylindrical structures. In this section, we will further
develop this concept into real applications.
Constant force spring is a unique class of springs that can provide constant force
output regardless of the amount of strain in their working conditions. Constant force
spring is the critical components for many applications in biomedical devices such
as surgical staplers, drug infusers and MRI and X-ray machines. Upon body
temperature activation, the photo-encoded azo-LCP can roll into the designed
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cylindrical shape with controlled inner diameter (as shown in Figure 45a). The
controllable geometer of activated azo-LCP provide perfect motif for the
development of “smart” constant force springs (structure of typical constant force
spring is shown in Figure 45b) since the performance largely depends on its freeboundary geometry (shown in Eqn. 14)
Et
S=
= 𝐸𝐸 ⋅ 𝑡𝑡 ⋅ 𝜅𝜅
𝐷𝐷𝑖𝑖

14

, where E is the elastic modulus, Di is the nature inside diameter and t is the material

thickness.
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Figure 46. (a) Measured force-displacement relationship in azo-LCP sample
(2azo = 30%, 25 mm × 5 mm × 20 µm) with different irradiation conditions and
designs. (b) Summarized main spring constants as a function of bending
curvature of azo-LCP actuators.

The basic force-displacement relationship for each activated “photo-encoded” azoLCP is measured on an experimental setup shown in Figure 45c. The measured
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results are shown in Figure 46a. As shown, the self-deployed spring structure
presents a typical force-displacement relationship of a constant force spring, where
after the initial extension, very stable and accurate force could be provided. We also
have observed the linear relationship suggested by Eqn. 14 between the stable force
output and initial diameter, which controlled directly by the photo-encoding process.
The key parameters of the constant force spring is shown in Figure 46b.
The miniature, but accurate and stable force produced by the body temperature
activated constant force spring could be well designed into multiply systems for
accurate controlling the drug diffusers, since the high cross-linked, inert and stable
characteristics will can provide safe and stable use when contacting the drugs.

5.3 Self-deployed droplet container structures

Figure 47. (a) Scheme of the designed multi-domain molecular alignment. (b)
The synthesized multi-domain azo-LCP (2azo = 30 mol%) under crosspolarized analyzers. (c) and (d) Same sample under different polarized light.
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The folding characteristics of the “photo-encoded” azo-LCP provide the capability
to form symmetrical self-contained structures such as boxes, envelopes and so on. In
this section, we demonstrate the possibility of program the material smartly response
to warm liquids and contain them in the form structures.
Figure 47a provides the illustration of molecular alignment in the programed multidomain azo-LCP actuators. As shown under the polarized lights (Figure 47b-d), the
synthesized sample have a strong birefringence under the cross-polarized lights and
each domain show strong selective absorption according to the polarizing direction
of the incident lights. This suggest molecules were nicely aligned along with the
micro-directors.

Figure 48. Demonstration of photo-encoding the azo-LCP motif into a selffolding box that responsive to warm water (40 °C).

To photo-encode the azo-LCP into the self-folding box, 2 step irradiation were used.
As shown in Figure 48, the azo-LCP motif was first programmed through a
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photomask that have two 1.5 mm slit each side of the box. Then the sample will
subject to a similar programing procedure after 90° rotations. Initially, the photoencoded samples were flat and stable at room temperature. After dropping few drops
of warm water, the structure immediately starts to deform into a box-like shape to
contain the liquid.

Figure 49. Demonstration of photo-encoding the envelope-like azo-LCP
structures that responsive to warm water (40 °C).

As demonstrated in Figure 48, the liquid container can hardly self-seal the structure,
which leads to the leakage of the water. Furthermore, it is very difficult to handle
contained water after deformation. Therefore, to further improve the performance,
we modify the azo-LCP into a self-folded envelope structure. As shown in Figure
49, same motif was subjected to long irradiation period to provide full folding
structures. To prevent directional leakage, the initial structure was set to curved shape
by reducing the initial strain to 0.05%. After release the warm water, the structure
completes the deformation within 10s with only minor liquid leakage. Moreover, the
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un-deformed arm of the structure provides an easy way to lift the water-containing
envelope.

5.4 Light programmed self-deployed blood vessel stents

Figure 50. A series of photographic images showing the same LCP sample being
inserted into a 3D-printed simulated blood vessel submerged in warm water
(~37 °C) following photo encoding.

The robust photo-encoding strategy and near body-temperature activation
characteristics of the LCP are promising features for in-body applications. In Figure
43 and Figure 44, we have demonstrate several shape programmable helical
structures that can be realized by full/partial activating the multi-domain azo-LCPs.
Such helical winding deformation is ideal for use in self-deployed endovascular
stents, since the width of the surgical incision can be minimized to the thickness of
the film, which lowers the risk of bleeding. To demonstrate this concept, we used a
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3D-printed blood-vessel structure submerged in warm water (~40 °C) and inserted
the LCP at one of the vessel entrances. As shown in Error! Reference source not
found.b, deformation is localized at the water-contacted region as the insertion
proceeds. After full insertion, the sample had already deformed into a helical shape
with a much smaller controlled diameter (~1.6 mm) comparing to the blood vessel
(~3 mm). During this period, the deformed structure is suitable for in-body
transportation since there is no contact between the vascular wall and the device.
After 10 min, the time-delayed shape-recovery process led to an increase in the
helical radius to a value similar to that of the blood vessel, resulting a stable shapeadaptive endovascular stent.
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Chapter 6. Conclusion
To design and achieve body temperature responsive materials for smart autonomous
applications are important for many current and future applications. However, to
achieve body temperature responsive is with great difficulties since the temperature
difference between human body temperature and room temperature is only 13 ~
15 °C. The aim of this thesis is to develop a strategy for the implementation of the
body temperature responsive capability into a programmable multi-domain light
sensitive liquid crystalline polymer system. In this chapter, the main contributions
are summarized and the future work are high-lighted.

6.1 Main contributions
For the first time, the capability of body-temperature triggered actuation was
implemented into the glassy liquid crystalline polymer with high glassy transition
temperatures.
The acute body-temperature responses in the glassy polymer were realized by UVirradiating (photo-encoding) the azobenzene contained liquid crystalline polymer
under a strain-constant condition. The process not only allows the precise patterning
of active deformation regions, but it also offers accurate control over the deformation
morphology. The remarkably short response time and long rewriting durability
enables rapid multiple prototyping in single LCP samples, which is valuable for
structural-design applications.
Study for the actuation mechanism revealed that the photo-encoding procedure can
effectively reduce the local glass transition temperature of the glassy polymer to near
body temperature, while the store bent-shape cis-azobenzene in the LC network.
Upon body temperature activation, the mesogens in the photo-encoded region gains
enough kinetic energy for structural relaxation and release the locally stored stress.
The strategy used in the thesis provide decent conditions for accurate programming
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the actuator deformations. By changing the masking region, programming time,
irradiation sides, numerous different deformations, such as folding, bending and
snap-through can easily be implemented into the same actuator. More complex
deformations could be designed through considering both LC alignments and the
polarity of the irradiation lights.
The programming strategy opens a wide designing possibility and possible solutions
for many applications. This thesis has listed three possible applications in micro
force generation, smart liquid containers and blood vessel stents.

6.2 Future works
The combination of light and LC alignment provide immersive large possible ways
to forming designed actuation behaviors. Thus, optimizing and collaborating the two
programming methodology is necessary for the designated actuation behaviors.
Moreover, as demonstrated in our study, the proposed strategy is not simply an addon to existing photo-responsive LCP technology for in-body medical applications; it
provides possibilities for up-converting existing polymers from ones that are highstimuli-demand-responsive to others that are dynamic information-encoded lowstimuli-demand-responsive, which further enriches this research field and associated
materials applications.
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초록
많은 지능 재료 액츄에이터가 열을 자극 원으로 하여 작동하고 있다.
특히 체온에 의해 작동 되는 체온 반응 액츄에이터는 겔(Gels)과 같은
매우 낮은 유리전이온도를 갖는 고분자 범위에서 제작이 성공하였지만,
액정 고분자와 같은 높은 유리전이온도를 갖는 소재로 이루어진 체온 반
응 액츄에이터 분야는 아직 연구적으로 많은 어려움을 겪고 있다. 이에
본 논문에서는 체온에 반응하는 액정고분자 액츄에이터 설계 및 제작을
위한 새로운 설계기법인 photo-encode 설계기법을 제시한다. Photoencode 기법에 의해 프로그래밍 된 액정 고분자 액츄에이터는 기존에
입력 된 거동을 직접적인 빛의 조사 없이 열에 의한 신속한 구현이 가능
하다. 또한 거동패턴 입력 후, 실온에서 두 시간 이상 거동패턴을 기억
하고 있으며, 기존에 입력 된 패턴을 지우고 새로운 패턴을 입력하는 것
또한 가능하다. Photo-encode 프로그래밍 과정의 원리 규명을 위해서는
분자구조 내에 포함된 아조벤젠의 광 이성질화 현상에 따른 고분자 시스
템 전체의 열 물성과 기계물성의 변화에 대한 이해가 필요하며, 푸리에
분광기, 동역학적분석기, 편광현미경을 이용하여 측정한다. 또한 거동 양
상의 예측과 정량적 해석을 위해 광 이성질화 현상이 반영된 연속체 스
케일의 점 탄성 시뮬레이션 모델을 구축하였다. 본 기법을 기반으로 직
접적인 빛의 조사 없이 체온근처의 온도만으로도 튜브구조, 나선구조,
입체복합구조 등 다양한 3D 거동이 가능한 스마트 액츄에이터의 설계 및
제작이 가능하다. 이는 추후 민감하고 복잡한 거동이 필요한 센서, 생체
모방로봇, 체내에서 작동되는 스마트 바이오 액츄에이터 등의 폭넓은 분
야에 적용이 가능할 것으로 기대된다.
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