

http://dx.doi.org/10.1039/C0JM03631E
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM021019

Published on 18 February 2011. Downloaded by University of Akron on 01/05/2015 17:15:29.

Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 6824

www.rsc.org/materials

Dynamic Article Links °

PAPER

Three-dimensional actuators transformed from the programmed
two-dimensional structures via bending, twisting and folding mechanisms

Kwang-Un Jeong, * Ji-Hyun Jang, *” Dae-Yoon Kim,” Changwoon Nah,” Joong Hee Lee,” Myong-Hoon Lee,”
Hao-Jan Sun,® Chien-Lung Wang, Stephen Z. D. Cheng® and Edwin L. Thomas”

Received 25th October 2010, Accepted 26th January 2011
DOI: 10.1039/c0jm03631e

Combining the physical principle of actuators with the basic concept of photonic crystals, colour-
tunable three-dimensional (3D) photonic actuators were successfully fabricated. By controlling the
d-spacings and the refractive index contrasts of the self-assembled 3D colloidal photonic crystals,
colours of the photonic actuators were tuned. Various shapes of these 3D actuating objects were
constructed by transforming the programmed 2D structures via bending, twisting and folding
mechanisms. These 2D structures were first programmed by breaking the symmetry. The selective
swellings were then applied as driving forces to control the shapes and colours of the photonic
actuators. Scroll photonic actuators had been first demonstrated by bending the traditional 2D
cantilever structure (K.-U. Jeong, et al., J. Mater. Chem., 2009, 19, 1956). By breaking the symmetry of
a cantilever structure perpendicular to its long axis, polypeptide-/DNA-like 3D helical photonic
actuators were obtained from the programmed 2D structure via twisting processes. Both left- and right-
handed scrolls and helices with various colours can be achieved by changing the polarity of solvents.
Different types of 3D actuators, such as cube, pyramid and phlat ball, were also demonstrated via the
folding mechanism. The reversible 3D photonic actuators transformed from the programmed 2D
structures via the bending, twisting and folding mechanisms may be applied in the field of mechanical

actuators, and optoelectronic and bio-mimetic devices.

Introduction

Constructions of three-dimensional (3D) objects with arbitrary
shapes and further manipulations of their colours and shapes can
provide many potential applications in the field of actuators, and
bio-mimetic devices."* Various 3D structures have been fabri-
cated by several sophisticated techniques including 3D printing
and two-photon/interference lithography.** However, they are
time consuming and cost-inefficient. Recently, smart materials
have attracted much attention due to the ability to change their
volume and shape in response to external stimuli.® If a 3D object
can be obtained by folding, bending, and twisting a programmed
2D structure consisted of stimuli-responsive materials, we can
construct smart 3D objects, which can reversibly change their
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shapes and properties. In addition, these methods are less
expensive and easier to fabricate 3D structures compared with
the traditional lithographic techniques.

Bending is an interesting and simple mode among inhomoge-
neous deformations from the viewpoint of applications of soft
actuators.5® Several research groups reported the bending
deformation by creating the finite gradient of temperature or
light intensity through the thickness of the films.” The bending
behaviours are also observed at molecular dimensions, in which
superstructures can be obtained via the assembly of two-
component segmented building blocks.’® Another example can
be found in the formation of the scrolled polymer crystals rather
than the conventional flat lamellar single crystals.® The curvature
of the scrolled lamellae indicates that the inner and outer lamellar
surfaces are unbalanced.?

Two of the most important geometric structures found in
nature are the deoxyribonucleic acid (DNA) double helical
structure and the polypeptide helical structure.'* As it is known,
DNA double helical structures contain information required for
living cells to make the correct proteins for normal biological
function. In addition to biology, helical structures have been
intensively studied and developed in electro-optical materials
science and technologies. Recently, Cheng and his coworkers
have constructed double twisted structures from a series of
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specifically designed main-chain non-racemic chiral poly-
esters.>? In their system, the handedness of the helix is not only
determined by the configurational chirality but also by the
number of methylene groups in the repeat unit of the chiral
polyesters. Additionally, helical structures from achiral mole-
cules, such as achiral bent-core molecules and achiral biphenyl
carboxyl acids have been constructed.'® These researches reveal
that the asymmetric structures are favourable to form twisted
objects.

Another interesting instance of 3D objects with arbitrary
shape is “origami” which can be realized via a paper folding
process.’ Gracias and his coworkers have shown that the
assembled nanoscale panels jointed by metal hinges can trans-
form to the polyhedral shape via the folding process.'> However,
it needs very tedious steps and contains metal hinges which might
cause unexpected difficulties for the applications.*®

Here, by combining the physical principle of actuators with the
basic concept of photonic crystals, we demonstrate an easy way
to fabricate reversible and colour-tunable photonic actuators
responding to both hydrophilic and hydrophobic chemical
environments through a symmetry breaking process and
a change in the lattice constant of the photonic crystal structure.
Scroll and helical photonic actuators can be constructed by
transforming the programmed 2D structures via the bending and
twisting processes, respectively. Both left- and right-handed

(@) (b)

scrolled and helical photonic actuators with various colours can
be achieved by simply changing the polarity of solvents. Various
3D actuating objects, such as cube, pyramid and phlat ball, are
also able to be constructed via the folding processes. The
reversible 3D photonic actuators are successfully transformed
from the programmed 2D structures via the bending, twisting
and folding mechanisms.

Results and discussion

Our photonic actuators mainly consist of two layers of polymers
firmly linked by covalent bonds. A thermally curable hydro-
phobic poly(dimethylsiloxane) (PDMS) and a UV-curable
hydrophilic polyurethane (PU)/2-hydroxyethyl methacrylate
(HEMA) elastomeric blending precursor are selected as constit-
uents because of their flexibility, optical transparency and
dramatically different swelling responses to selected solvents.
The HEMA content in the hydrophilic PU/HEMA layer is
optimized at 30 wt% which is determined from the experimental
results of differential scanning calorimetry and dynamic
mechanical analysis, combined with the requirement of
mechanical properties.! As shown in schematic illustration in
Fig. 1, colour-/shape-tunable photonic actuators, such as scroll,
helical, and cubic actuators, can be fabricated through various
processes.
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Fig. 1 Fabrication processes of colour-tunable actuators: (a) bending,' (b) twisting, and (c) folding techniques. Here, PDMS, PU/HEMA, and silica

nanoparticles are represented in red, green and blue colours, respectively.
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For the fabrication of scroll and helical photonic actuators,
colloidal silica nanoparticles with a diameter of 270 nm are first
self-assembled to a near single crystalline face-centred cubic
(FCC) opal structure using Colvin’s method. Note that a fluori-
nated silane monolayer is built on the surface of the mold before
the self-assembly of photonic crystals for the purpose of an easy
peel-off process. Scanning electron microscope (SEM) images of
the assembled silica colloidal FCC structure on the [111] and
[011] zones are shown in Fig. 2a and b, respectively. When
PDMS monomer with 10 wt% crosslinker is infiltrated into the
silica FCC photonic crystal and cured at 65 °C for 12 h, the silica
photonic crystal does not open any photonic band gap since the
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Fig. 2 SEM images of silica colloidal FCC structure: (a) [111] zone and
(b) [011] zone.""7 (c) is the photographic image of scroll and helical
photonic actuators.

refractive index (n = 1.43) of PDMS is identical with that of
silica nanoparticles. Therefore, the resulting PDMS/silica colloid
composite layer is transparent. For the case of helical photonic
actuators, before the PDMS infiltration process, the mold is til-
ted at a certain angle as shown in Fig. 1b in order to break
symmetry on the xz-plane. Depending on the tilting angle, the
twisting power of helical photonic actuator is able to be
controlled. Before applying the second hydrophilic PU/HEMA
layer, a self-assembled methacryloxypropyltrimethoxysilane
monolayer on the PDMS is prepared on the oxygen plasma
treated PDMS surface as shown in Fig. la and b. By exposing to
UV lights for 2 h, PU70/HEMA30 is photo-polymerized and
strong chemical bonds are also created between hydrophilic
PU70/HEMA30 and hydrophobic PDMS layers. Here, parafilms
and glass plates are placed on the top of the mold during the UV
curing process to obtain an even sample thickness. Photographic
images of the final transparent scroll and helical photonic actu-
ators in the dry state are shown in Fig. 2c.

The swelling expansion ratio of the PDMS and PU70/
HEMA30 layers are estimated in different solvents, such as
hexane, acetic acid and ethyl acetate. The maximum swelling
expansion ratio (Vpa/Vo) of the hydrophobic PDMS layer is
2.28 in hexane and 1.10 in acetic acid. On the other hand, the
Vimax! Vo of hydrophilic PU70/HEMAZ30 is 1.00 in hexane and
2.05 in acetic acid. Here, V' represents the expanded volume
before contacting with solvent at a certain swelling time (¢) and
Vo is the initial volume at ¢ = ¢, Both PDMS and
PU70/HEMAZ30 layers are swollen more than 90% of their
maximum swelling expansion ratio in the first 10 min of the
contacting time. However, their deswelling processes take longer
times than their swelling processes. The gel contents of the
thermally cured PDMS and the UV-cured PU70/HEMA30
layers are also evaluated by the swelling weight ratio in good
solvents. The gel contents of PDMS (in hexane) and PU70/
HEMAZ30 (in acetic acid) are measured to be 100% and 99%,
respectively. More detailed explanations of swelling and desw-
elling processes of PDMS and PU70/HEMA30 with respect to
time and solvent have been previously reported in ref. 1.

Optical behaviours of the silica photonic crystals embedded in
PDMS layer are also investigated. Since the diameter of a silica
particle is 270 nm and its close packed crystal is FCC structure,
70% reflectivity at a wavelength of 590 nm is obtained along the
[111] zone. This measurement is utilized by an optical microscope
equipped with a fiber-optic spectrometer using a silver-coated
metallic mirror as a 100% reference. When the transparent silica
colloid/PDMS layer is swollen in a relatively poor solvent of
PDMS, acetic acid, the spacings between silica nanoparticles
expand and the refractive index contrast between silica nano-
particle and PDMS containing acetic acid solvent are increased.
This leads to a red shift of reflection peak with its maximum
intensity (~30%) centred at 659 nm. On the other hand, a broad
and low intensity peak (~7%) at 459 nm is observed in a good
solvent (hexane) along the [111] zone. More detailed descriptions
of colour changes depending on solvents can be found in
a previously reported communication.’

A cantilever is one of the simplest and the most frequently
demonstrated actuating structures actuated by the bending
mechanism. As shown in Fig. la and 3a, a cantilever can be
fabricated by sandwiching two dramatically dissimilar planar
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handed handed

Fig. 3 Schematic illustrations of (a) bending, (b) polypeptide-type
twisting, and (c) DNA-type twisting actuators.

structures differently responding to the external forces, such as
solvent, pH, light, and electric/magnetic fields. Selective swelling
triggers the actuation in this system by making one layer expand
more drastically than the other. The unbalanced expansion
between top and bottom layers results in a scrolled structure.
Strong adhesion between two layers is achieved by creating
covalent bonds between PDMS and PU70/HEMA30 layers in
this system. Since the Vy,.x/ Vo of the PDMS and PU70/HEMA30
layers in hydrophobic hexane corresponds to 2.28 and 1.00,
respectively, a bluish left-handed scroll is formed in hydrophobic
hexane solvent, as shown in Fig. 4a." When the transparent
cantilever is immersed in hydrophilic acetic acid solvent,
a reddish right-handed scroll forms by a bending mechanism, as
shown in Fig. 4b." The scrolled photonic actuator returns back to
a transparent planar structure when the acetic acid is completely
evaporated, indicating that the switch is fully reversible without
observable damages.

To fabricate 3D objects transformed from a programmed 2D
surface by a twisting mechanism, the symmetry of bilayer planar
structure on the xz-plane is broken, as schematically illustrated
in Fig. 1b and 3b. The same materials as the ones working via
bending mechanism, PDMS and PU/HEMA, are used. By
making a sloped bilayer structure, the planar structure described
in Fig. 3b can be bended along the y-axis as well as be twisted
around this axis when one of the layers is asymmetrically
expanded in a specifically selected solvent. When the bilayer
actuating device with triangular PDMS and PU/HEMA layers
with respect to the y-axis is swollen, a helical-type actuating
sensor can be formed, as shown in Fig. 5. The detailed fabrica-
tion process for the helical photonic actuator is described in
Fig. 1b. The size of the triangular PDMS region is one of the

Fig. 4 Photographic images of (a) left-handed (after 70 s in hexane) and
(b) right-handed (after 100 s in acetic acid) bending actuators.!

Fig. 5 Left-handed polypeptide-type twisting actuator (a) taken after
70 s in hexane and after drying the solvent in confined tubes: (c) 3.5 mm
(taken after 5 min) and (e) 4.5 mm (taken after 20 min), respectively.
Right-handed polypeptide-type twisting actuator (b) taken after 100 s in
acetic acid and after drying the solvent in confined tubes: (d) 3.5 mm
(taken after 4 min) and (f) 4.5 mm (taken after 25 min), respectively. HA
refers to helical axis.

main factors determining the twisting power of the helical actu-
ating sensor. A left-handed helix with a bluish colour is obtained
in the hydrophobic hexane (Fig. 5a), whereas a right-handed
helix with a reddish colour is formed in hydrophilic acetic acid
solvent, as shown in Fig. 5b. The reddish colour is caused by
Bragg diffraction from the opal structure and the bluish colour is
from the scattering of uncorrelated dielectric silica spheres.! The
local pitch length (p) and twisting power (6, an angle between the
helical axis and the twisted y-axis of the sample) of these helical
actuators, which are related to the sensitivity of the actuating
switch, are difficult to measure because the helices become
irregular during a drying process due to the nature of uneven
evaporation of the solvent. However, regular right- and left-
handed helical structures with specific twisting powers can be
obtained by confining the helical actuators in tubes. The hand-
edness of the helical actuator is identical to that of the helical
actuating switch in the solvent and the final dimensions of the
helical structure in the tube permanently remain due to the
geometric confinement. When a 3.5 mm diameter tube is used
during the deswelling process, regular left-handed (Fig. 5c) and
right-handed (Fig. 5d) helical opal structures are obtained with
70° and 73° twisting powers, respectively. These twisting powers
decrease to 57° (Fig. Se) and 62° (Fig. 5f) when the tubes are
replaced with a larger diameter (4.5 mm) tube. The smaller the
tube diameter with the steeper the triangular PDMS layer slope
is, the larger the twisting power with the smaller the pitch length
is. Therefore, the sensitivity of the switch can be tailored through
the slope angle of the triangular PDMS layer and the diameter of
the confining tube. These colour-tunable, reversible helical
photonic actuators are more sensitive than the scrolled photonic
actuators to environmental changes. It offers a way to use both
the PDMS layer angle and the confining tube to precisely tune
the response of the helical opal switch. After deswelling without

This journal is © The Royal Society of Chemistry 2011
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any confinement, both the right- and left-handed helical
photonic sensors return to transparent planar structures.

A double twisted helical photonic actuator can be formed as
shown in Fig. 3c and 6a. When a 2D colourless planar structure
as shown in Fig. 2¢ is plunged into hexane solvent, the double
twist structure is realized as shown in Fig. 6a. The double twist
actuating behaviour is due to the competition of the twisting
powers between the right-handed and the left-handed poly-
peptide-like helical structures. To prove this speculation, a right-
handed and a left-handed helical structure are attached along the
yz-plane by remaining the ends of the helical structure and then
immersed in hexane solvent. The resulting photographic image is
shown in Fig. 6b, which clearly reveals the competition between
a right- and a left-handed twisting power. Furthermore, we
simulate double twisting actuators by expanding the PDMS
triangular regions, as shown in Fig. 7. Even though there is
a range of value for the quantitative parameter, this computer
simulation with finite element method (ABAQUS) helps us in
understanding the double twisting actuators. Depending on the
swelling ratio (V/V;) of the PDMS layer, the helical angle with
respect to double helical axis is measured and represented in
Fig. 8. Even though the helical angles with respect to swelling
ratios are functions of temperature, solvent, geometric dimen-
sions and materials, these helical actuators can be used as
chemical and biological sensors when the actuating devices are
properly calibrated. For the application of sensors, the system-
atic approaches related to the stress distributions and the
swelling ratios should be also conducted in the future.

In addition to the bending and twisting mechanisms, the
folding mechanism can be used to fabricate sophisticated 3D
objects. Folding, also known as “origami” technology, is the art
of paper folding. Origami technology is already used in our
everyday life and in advanced technology, such as paper-based
milk container and solar cell panels for satellites. If the bending
mechanism occurs on a continuous 2D surface, the folding

Fig. 6 (a) DNA-type double-twisting actuators taken after 120 s in
hexane. Here, (b) is the photographic image of the DNA-type double-
twisting actuators in hexane, which is fabricated by attaching a right-
handed and a left-handed polypeptide-typed twisting actuators side by
side.

S, Meses
(Avg: 75%)

(b)

Fig. 7 Computer-simulated images of DNA-type twisting actuator: (a)
end-on and (b) side-views. Here, red colour means a higher stress than
blue colour.

mechanism can be considered as a 1D sharp bending. Based on
this simple concept, a 2D structure can be programmed as
schematically illustrated in Fig. 1c. Note that specific linear lines
are consisted with bilayers of PDMS and PU70/HEMA30 and
the last of surfaces is PU70/HEMA30 layer alone. Again, in
order to secure the adhesion between PDMS and PU70/
HEMA30, chemical bonds should be introduced as shown in
Fig. lc.

When the 2D structure described in Fig. Ic is submerged in
hexane solvent, the PDMS layer will expand without any volume
change of PU70/HEMA30 layers. By controlling the PDMS
layer thickness with respect to the PU70/HEMA30 layer, this 2D
programmed structure can be transformed to a 3D cubic object,
as shown in Fig. 9a and b. The transformation behaviours of the
3D cubic object are also monitored with respect to time, as
shown in Fig. 10. Since the speed of transformation is closely
related to the diffusion of hexane solvent into the PDMS layer
and the mechanical properties of PDMS and PU70/HEMA30
layers, the transformation time between the programmed 2D
structure to the 3D object can be controlled by tuning the
geometric dimensions of structures and the crosslinking density
and interaction parameters of the materials used. When the 3D
cubic object is deswollen, it reversibly returns back to the original
2D structure without observable damage. Yet, a much longer
time is needed for this deswelling process. More precisely
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Fig. 8 Helical angle of DNA-type twisting actuator with respect to
swelling ratio (V/V,) of the PDMS layer.
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Fig. 9 (a) Programmed 2D structures, and their transformed 3D objects
in hexane by folding mechanism: (b) cube, (c) pyramid, and (d) phlat ball.

Fig. 10 Photographic images representing the transformation behav-
iours of the programmed 2D structure to the 3D cubic object via folding
mechanism.

controlled actuating devices should be studied for obtaining the
quantitative kinetic parameters of the swelling/deswelling
processes. As shown in Fig. 9, pyramid and phlat ball objects are
also able to be fabricated by transforming the 2D programmed
structure.

Our results show that if the folding, bending and twisting
mechanisms are properly applied, sophisticated structures can be
fabricated. When the transformation mechanisms from the
programmed 2D structures to the 3D objects reported here are
combined with more elaborate technology such as nano-
patterning or controlled drug release, this unique technique may
be applied in the field of mechanical actuators, and optoelec-
tronic and bio-mimetic devices.

Experimental

Materials and sample preparations

A transparent poly(dimethylsiloxane) (PDMS) (Dow Corning,
Sylgard 184®) elastomer with a refractive index that matched
that of silica was selected as the material for hydrophobic layer of
the actuator. For the hydrophilic layer, a ultra-violet

(UV)-curable elastomeric polyurethane (PU) precursor (Noland
product, NOA 71) and a hydrogel 2-hydroxyethyl methacrylate
(HEMA) monomer (Sigma Aldrich) with its 5 wt% darocur-1173
initiator (Chiba Co.) were blended in a series of compositions.
We chose a hydrophilic transparent layer consisting of 70 wt%
PU and 30 wt% HEMA (PU70/HEMAZ30) which is elastic and
responds to hydrophilic solvents. The glass transition tempera-
tures were measured utilizing both differential scanning calo-
rimetry and dynamic mechanical analysis and the tensile
properties of PU/HEMA layers at various compositions at room
temperature are also evaluated to determine the appropriate
content of HEMA in the PU/HEMA layer. To combine the
multi-faceted environmental responsiveness of polymer gels with
photonically active structures, silica colloidal FCC crystals (silica
sphere diameter = 270 nm, Bangs Laboratories) were first
assembled on the fluorinated silane (tridecafluoro-1,1,2,2-tetra-
hydrooctyltrichlorosilane, Sigma Aldrich) monolayer treated
mold with dimensions of 2 mm x 40 mm x 0.2 mm. Utilizing
Colvin’s method multiple times, we controlled the thickness of
the silica colloidal PC to be 0.08 + 0.01 mm (~300 silica sphere
layers). SEM images (Fig. 2a and b) show the FCC crystal
structures of colloid crystals. The hydrophobic PDMS precursor
infiltrated the silica colloidal template and was then thermally
cured at 65 °C for 12 h. Before applying the hydrophilic PU70/
HEMAD30 layer, a methacryloxypropyltrimethyoxysilane (Sigma
Aldrich) monolayer was created on the oxygen plasma treated
PDMS as an adhesive between the hydrophobic PDMS and
a hydrophilic PU/HEMA layer. In order to keep the sample
thickness even, parafilm and a glass plate were placed on the top
of the mold during the UV curing process of the hydrophilic
PU70/HEMA30 layer. The final opal photonic crystal planar
switches were peeled from the molds and stored in vacuum before
carrying out characterization and analysis.

Equipment and experiments

The silica colloidal opal and the PDMS imbedded opal
morphologies were investigated by SEM (JEOL 6060 and
FESEM JSM-7401). The photographic images of photonic
actuators were taken using a digital camera (EOS 5D, Canon).
Utilizing oxygen plasma (PDC-32 G, HARRICK) for 4 min at
75 mTorr and 150 W, hydroxyl functions, which can react with
methacryloxypropyltrimethoxysilane in ethanol, were created on
the surface of the PDMS-embedded opals. Swelling tests and gel
content measurements for PDMS and PU70/HEMA30 in
hexane, acetic acid and ethyl acetate were carried out on samples
with dimensions of 5 mm x 30 mm x 1 mm. Reflectivity spectra
were obtained using an optical microscope (Zeiss Axioscop)
equipped with a fiber-optic spectrometer (Stellarnet EPP2000)
and a near infrared spectrometer (6000i, Varian) using a silver-
coated metallic mirror as a 100% respective reference. A finite
element method (FEM) analysis was performed using
a commercially available FEM program (ABAQUS version 6.8,
Dassault Systems, USA). The 8-node continuum shell elements
(so-called SC8R) and the hyper-elastic material behaviour model
provided from the company were used to simulate the structure.
The stresses generated during the transformations were con-
toured on the surface of the deformed structures.

This journal is © The Royal Society of Chemistry 2011
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Conclusions

Reversible colour and shape tunable photonic actuators have
been constructed by transforming the programmed 2D structures
to the 3D objects via the bending, twisting and folding mecha-
nisms. By changing geometrical factor, selected materials and
polarity of the solvents, the shape and colour of the scrolled,
helical and cubic actuators can be achieved. When the folding,
bending and twisting technologies are combined with litho-
graphic patterning technology in micrometre length scale, this
unique technique may have a great potential for the applications
in mechanical actuators, and optoelectronic and bio-mimetic
devices.
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