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ABSTRACT
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Directed by Professor RYAN C. HAYWARD

Hydrogels are crosslinked polymeric networks imbibed with aqueous
solutions. They undertake dramatic volume changes through swelling and
deswelling processes, which can be stimulated by factors like temperature, pH or
different chemicals. These unique properties render hydrogels particularly
interesting for shape morphing related applications.
In this thesis, we focus on the swelling induced deformation of thermally
responsive hydrogels with lower critical solution temperatures (LCSTs), including
poly(N-isopropylacrylamide) (PNIPAm) and poly(N,N-diethylacrylamide) (PDEAm).
v

Particularly, benzophenone containing monomers are copolymerized with NIPAm
or DEAm to create photocrosslinkable temperature-responsive polymers, which
allows fabrication of hydrogels with controlled shapes and crosslinking densities
by photolithography.
Based on this material system, non-uniform swelling is patterned to cause
complicated 3D deformation of hydrogel sheets in Chapter 2. Relying on
differential geometry, a collection of 3D shapes is successfully programmed by
prescribing Gaussian curvature with in-plane swelling metrics. However, this
methodology does not have control over the buckling direction of each local
maximum in the swelling metric and cannot distinguish different isometric shapes.
Thus, modest swelling gradients through the gel sheet thickness are introduced
via absorption of light to provide preferential buckling directions for each local
maximum. In the example of double sinusoidal surfaces, the buckling direction of
each repeating unit is effectively controlled with double-sided photolithography.
Next, we emphasize the actuation behaviors of these thermally responsive
hydrogels. In addition to thermal actuation, photo actuation of a PNIPAm based
hydrogel bilayer structure is demonstrated by the incorporation of photothermal
effects from plasmonic nanoparticles. Especially, waveguided light is used here,
providing remotely controllable actuation that does not require line-of-sight access.
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CHAPTER 1
INTRODUCTION

Hydrogels are three dimensional (3D) networks of hydrophilic polymers
imbibed with aqueous solutions. Due to the existence of physical or chemical
crosslinks, instead of being dissolved, the polymeric network absorbs surrounding
solvents and undergoes an expansion in volume, i.e. swelling, until the elastic
energy of the stretched polymer chains balances the free energy of mixing. [1]
Compared with their inorganic counterparts, the ability of hydrogels to undergo
large volume changes via swelling and deswelling renders them ideal candidates
for shape morphing systems.[2] Moreover, since the interactions between polymer
chains and solvent, as well as their mixing entropy depend strongly on conditions
like temperature and pH, the swelling degree of hydrogels can be dramatically
changed under external stimuli, conferring excellent stimuli responsiveness to
these materials.[3] Hydrogels that respond to various stimuli such as
temperature[4][5],

ionic

strength[6],

electric

field[7],

light[8][9],

different

biomolecules[10][11], as well as their applications in fields like sensors and actuators
have been intensively investigated during the past decades. In this thesis, we will
focus on the swelling induced deformation in thermally responsive hydrogels.
Particularly, non-uniform swelling is patterned to cause complicated 3D
deformation of hydrogel sheets. Furthermore, the photo actuation of the thermally
responsive hydrogel is also demonstrated by the incorporation of photothermal
effects from plasmonic nanoparticles.
1

1.1 Thermally responsive hydrogels
Among all stimuli responsive hydrogels, thermally responsive hydrogels
based on polymers that possess lower critical solution temperatures (LCSTs) have
been extensively studied. The polymers undergo a reversible phase transition
between a coil or soluble state to a globule or insoluble state[12][13] around the
critical temperature in water, which results in swelling/expansion of the
corresponding hydrogel at lower temperatures and deswelling/contraction at
higher temperatures, as shown in Figure 1.1 These polymers normally possess
both hydrophilic groups like amides, and hydrophobic groups like aliphatic
hydrocarbons. The thermal responsiveness originates from the balance between
the interaction the hydrophobic and hydrophilic moieties with water, which is
sensitive to changes in temperature.[14]’

Figure 1.1. Temperature-responsiveness of a hydrogel with LCST transition

For example, poly(N-isopropylacrylamide) (PNIPAm), one of the most
studied thermally responsive hydrogel with a LCST (~32 °C) close to human body
temperature, has both amide and propyl groups in its monomer structure. At a low
temperature, the hydrophilic amide groups are solvated by water molecules
because of the formation the hydrogen bonds. Although the hydrogen bonding
2

reorients the water molecules to form a hydration layer around the hydrophobic
moieties, resulting in a decrease of entropy, the negative enthalpy still dominates,
so the hydrogel is swollen. However, when the temperature is elevated above the
critical point, hydrogen bonding is weakened, and the effect from the entropy
increases and dominates, causing the collapse of

polymer chains and the

deswelling of hydrogels.[14][15]
In addition to the well-studied case of PNIPAm, several other N-alkyl
substituted acrylamides, such as poly(N,N-diethylacrylamide) (PDEAm), poly(Nethylacrylamide) (PEAm) and poly(N-cyclopropylacrylamide) (PCPAm) also
exhibit such temperature-responsiveness.[16][17] In particular, similarly as PNIPAm,
PDEAm exhibits a relatively sharp swelling transition compared with other N-alkyl
substituted acrylamides.[18] The reported critical transition temperature of PDEAm
is also close to that of PNIPAm[17][19]. However, unlike PNIPAm, which is capable
of forming inter- and intra- molecular hydrogen bonds because of the presence of
an -NH, PDEAm does not exhibit hysteresis behaviors during the LCST transition
due to the absence of a hydrogen bond donor. [20][21] The glass transition
temperature (Tg) of PDEAm (90 °C) is also lower than that of PNIPAm (135 °C).[22]
PNIPAm and PDEAm based hydrogels will serve as the major materials in this
study.

Figure 1.2. Chemical structures of PNIPAm and PDEAm
3

1.2 Crosslinking and benzophenone photochemistry
Benzophenone (BP) is known as a type II free radical photoinitiator, which
generates radicals in the presence of a co-initiator, e.g. amine or alcohol, to
provide readily abstracted hydrogens.[23][24] Specifically, the carbonyl group in BP
can form a n-π* triplet state through its efficient intersystem crossing from the
excited singlet state by a UV photon. The triplet state is represented as a biradical
and can abstract a hydrogen especially that adjacent to electron donating
heteroatoms (like the situation in amine or alcohol coinitiators), resulting in a ketyl
and an alkyl radical, which can further initiate the polymerization process.[25][26][27]
In addition to reacting with C=C bonds as initiators, these radicals can readily
undergo recombination and generate C-C bonds as well. Thus, benzophenone is
also employed for photografting[28] or photocrosslinking purposes.[29] (Figure 1.3)

Figure 1.3. Photocrosslinking process of polymer with benzophenone pendant
groups. (Adapted from ref[25] with permission. Copyright (2012) American Chemical
Society)

Our group has used benzophenone photochemistry as a convenient tool to
crosslink different polymers, e.g. PNIPAm, and synthesize corresponding
hydrogels.[30][31][32][33] Distinguished from conventional hydrogels synthesized by
solution-state polymerization, benzophenone photochemistry allows us to use
4

photo lithography to pattern crosslinking with µm-scale resolution. Furthermore,
since crosslinking density is also a critical factor that determines the swelling of a
hydrogel, which has been studied in Flory-Rehner theory,[34] by spatially varying
exposure doses, we can further pattern local swelling ratios.
Instead of simply doping benzophenone as in most previous studies, the
benzophenone moieties in our study are covalently attached to the polymer by the
copolymerization of acrylamidobenzophenone. Polymers with benzophenone
pendant groups are photocrosslinked in the solid state through recombination of
both ketyl and alkyl radicals. This greatly enhance the gelation efficiency by
providing additional pathways in the formation of crosslinks, and eliminates the
migration and phase separation issues from the small molecules. [25] In addition,
since the photochemical reaction of benzophenone can proceed with reasonable
efficiency in the presence of oxygen[25][35], photo lithography of these polymers can
be easily conducted under ambient conditions.
In this thesis, thermally responsive polymers with pendant benzophenone
groups are exploited as a facile platform to study the programming of swelling
induced 3D deformation in hydrogel sheets and the application of hydrogels in
photo and thermal actuators.

1.3 Deformation induced by inhomogeneous growth
1.3.1 Differential geometry and inhomogeneous growth
When a thin sheet undergoes inhomogeneous growth (expansion or
contraction) or distortion within the film plane, the release or redistribution of the

5

built-up internal stress drives the deformation of the thin sheet. Since the stretching
energy changes linearly with the sheet thickness, t, while the bending energy
changes cubically with t, buckling out of plane and converting into a 3D shape is
usually more energy-favorable for a thin sheet, which has been widely observed in
numerous morphogenetic processes like the formation of wavy leaves[36] and the
shape development of some algae’s caps[37]. Other than the in-plane
inhomogeneous growth, introducing differential growth through the thickness
direction of a thin sheet is another potent manner to induced programmable 3D
shape morphing. A simple example is the classical bilayer structure, where the
uniaxial shrinkage of one layer induces bending to accommodates the difference
in length of the two layers.[38] An example from our daily life is the so-called
bimetallic effect:[39] A bilayer metal strip can reversibly curl upon temperature
change due to the difference in thermal expansion coefficients of the two layers.
In case that these inhomogeneous growths are spatially patterned through some
strategy, the 3D shape generated from the out-of-plane buckling can be
programmed. With the help of differential geometry and solid mechanics,
researchers have been working on designing growth patterns to achieve targeted
3D

shapes

and

applying

these

principles

applications.[31,32,40–42]

6

in

various

materials

and

Figure 1.4. 3D deformation of thin sheets induced by a) in-plane inhomogeneous
growth and b) out-of-plane inhomogeneous growth

To better understand the shape morphing process, we first introduce
several basic concepts in differential geometry. At each point of a smooth surface
in a Euclidean space, a set of curves can be obtained by intersecting the surface
with a family of planes that contain the normal vector at that point. The maximal
and minimal curvatures of this set of plane curves are known as the principal
curvatures of this point. For a point with principal curvatures of κ1 and κ2, the
Gaussian curvature (Κ) is defined as the product of principal curvatures and the
mean curvature (Η) is defined as their average, namely
𝛫 = 𝜅1 ∙ 𝜅2

(3.1)

and
𝛨=

𝜅1 + 𝜅2
.
2

(3.2)

According to Gauss’s theorema egregium, Gaussian curvature is an intrinsic
invariant of a surface, which is measurable from the surface itself without further
reference to the ambient space. In other words, when defining a surface by giving

7

the distance between points, l, as dl2=gijdxidyj, there might be multiple embeddings
that satisfy the same matric g, however the Gaussian curvature at each point
remains invariant no matter which embedding this surface takes.[2,43,44] If we start
from a flat elastic sheet with vanishing thickness and then exert a spatially varying
isotropic areal swelling Ω(r), with r as the spatial coordinate, the sheet should
adopt the isometric embedding with the lowest bending energy. When ignoring the
deviations introduced by bending energy, a flat elastic sheet subjected to a pattern
of growth, Ω(r) will adopt a shape that satisfies this “target” Gaussian curvature,
Κ(r) at every point r with the form of[31,45]
∇2 ln 𝛺(𝒓)
𝛫(𝒓) = −
.
2𝛺(𝒓)

(3.3)

1.3.2 Experimental approaches to program 3D deformation
Validated by differential geometry, in-plane inhomogeneous growth is a
powerful way to create 3D shapes from 2D sheets. The first experimental example
of programming 3D shapes with principles from differential geometry was realized
by Sharon and co-workers.[41] In their experiments, azimuthally symmetric
gradients in composition, which lead to gradients in swelling of hydrogel disks,
were generated by flow cells. More recently, photolithographic methods have
overcome the limitation of this method that differential growth could only be
patterned in radial direction, greatly broadening the range of 3D shapes that can
be accessed. Kumacheva’s group[40,42] swelled an existing gel network with a
second monomer solution and introduced internal stress variations by creating
interpenetrating network in the light-exposed regions of the swollen gel. The
8

approach adopted by our group[31,32,46,47] also relies on photopatterning. Differential
crosslinking

densities

are

inscribed

by local

exposure

doses

through

benzophenone photochemistry, which introduces in-plane inhomogeneous growth
at a higher resolution. More details about this strategy will be included in Chapter
2.
Except for hydrogels, which are the focus of this thesis, liquid crystal
polymer networks and elastomers (LCNs and LCEs) are another important
material system that have been intensively investigated in the programming of 2D
to 3D shape deformation[48]. When undergoing a nematic-isotropic transition
stimulated by light or heat, domains of LCE can shrink along the direction that its
mesogens orient and expand along the transverse directions. Such mesogen
directors can be locally aligned with polarized light [49] or surface topography of
molds[50], generating inhomogeneous growth that results in 3D deformation again.
As opposed to Gaussian curvature, which can be fully determined by the inplane growth, mean curvature is an extrinsic variable of a surface, implying that
the patterning of mean curvature involves of introducing out-of-plane growth to
include information on the third dimension. Different experimental approaches
have been studied in great detail with materials including liquid crystal elastomers,
hydrogels, and shape memory materials.[51][52] Beyond the bi-layer or multi-layer
strategy mentioned above which inherently requires patterning of more than one
material, a single material system with growth gradients through thickness offers
other opportunities. For example, in LCNs and LCEs, gradients in mesogen

9

orientations through the thickness as a splay-bend configuration can cause
bending deformation during the nematic-isotropic transition.[53][54]
For hydrogel and other polymer systems, gradients through the thickness
can introduced by factors like gravity[55], diffusion[56], and most commonly,
absorption of light[57][58][59][60]. According to Lambert-beer law, when light travels
through medium, its intensity will decay exponentially due to the absorption along
its path. With a proper photochemistry, such intensity gradients though the film
thickness can be transferred to gradients in swelling degree, gel fraction or residual
stress level, and initiate the out-of-plane buckling. Both Bowman’s group[58] and
Dunn’s group[59] adopted dual-step approaches, in which the first step created a
uniformly crosslinked network and the second step introduced gradients of stress
relaxation by light absorption through the thickness. However, this procedure
required the application of external mechanical stretching to create stresses in the
films and photopatterning was restricted to the second stage, so the achievable
shapes are limited. Differently, Gracias’ group[60] and Fang’s group[57] relied on a
simpler one-step approach, where gradients of gel fractions were built in during
the photocrosslinking process. In particular, in Gracias’s method[60], shape
morphing was reversible via de-solvation and re-solvation processes.

1.4 Outline
This thesis is separated into two major parts. In Chapter 2, benzophenone
based photocrosslinkable polymers are used as a convenient platform to study the
programming of 2D to 3D shape deformation with principles from differential

10

geometry. With a maskless photolithography setup, both in-plane and out-of-plane
inhomogeneous growth are inscribed to have control over mean and Gaussian
curvature simultaneously. In Chapter 3, we focus on the actuation process of such
swelling induced deformation. Relying on a thermally responsive hydrogels and
nanocomposites, thermal and photo actuations are demonstrated in a bilayer
structure. In addition, a cylindrical actuator is developed to impart more freedom in
the design of bending direction.
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CHAPTER 2
PROGRAMMING 3D DEFORMATION OF HYDROGEL SHEETS

2.1

Overview
In recent years, there has been growing research interest in 3D shape-

programmable systems in which a flat sheet can convert into a 3D shape in a
desired and controlled way. These systems offer promising applications in a variety
of fields including soft robotics[61], microfluidics[60] and biomimetic systems[62,63].
As discussed in Chapter 1, numerous studies have focused on controlling
either Gaussian curvature or mean curvature. However, to program an arbitrary
3D shape, it is necessary to prescribe both curvatures by patterning both in-plane
and out-of-plane differential growth, considering that in-plane growth is required
for any non-Euclidean surface, but without the additional degree of freedom
through the thickness an in-plane swelling metric does not distinguish those
isometric embeddings in space. However, such capability of controlling mean and
Gaussian curvature is not trivial experimentally and there have been only limited
attempts to prescribe both curvatures concurrently.
The first experimental approach to the simultaneous prescription is from
Mahadevan’s and Lewis’s groups.[64] Their system relies on the ability to define the
direction of swelling anisotropy induced by aligned cellulose fibrils within a
hydrogel composite. (Figure 2.1(a)) By harnessing the anisotropy of swelling
between the longitudinal and transverse direction in the printed hydrogel
composite in a bilayer structure, they were able to precisely prescribe both
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Gaussian and mean curvature simultaneously by modulating the thicknesses and
angle between the top and bottom layer filaments, thereby providing access to a
collection of shapes with different curvatures. (Figure 2.1(b)) Subsequently, similar
control over both curvatures is achieved in a liquid crystal elastomer, another
material that undergoes anisotropic strain in response to temperature changes, by
Kamien’s and Yang’s groups[65]. Spatial patterning of the nematic director fields
was realized by guidance of photo-patterned channel molds[50] that sandwiched
the liquid crystal sheet. A gradient in the nematic director across the sheet’s
thickness was introduced by shifting channel orientations between the top and
bottom molds, which caused an extrinsic reference curvature and rendered the
certain areas on the LCE sheet to buckle in the desired directions.
In addition to the mentioned studies based on anisotropic materials,
relatively few efforts have been made to simultaneously control both curvatures
using isotropically growing systems, e.g. the swelling of gels. For instance, aimed
at programming the buckling direction of multiple-dome structures, Wang et al.[66]
used physical masks to confine the buckling direction of each dome. However, this
method did not involve the control of out-of-plane differential swelling, would be
difficult to scale to smaller sizes, and has only been demonstrated for a limited
range of shapes.
During the past years, our group has utilized the patterning crosslinking
density within the network of photo-crosslinkable polymers to achieve spatial
variations in swelling ratios, and successfully demonstrated the programming of
3D shapes by prescribing Gaussian curvature.[31,32,46,47] However, since this
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method only controls the in-plane pattern

of swelling, it does not have the

capability to program different locally isometric shapes from the same swelling
metric. In this work, the absorption of light through the film thickness is taken
advantage of to introduce out-of-plane inhomogeneous swelling, thereby adding
an additional degree of freedom. Separate prescription of mean and Gaussian
curvatures is first demonstrated using this approach. Beyond that, a double-sided
lithography method is developed to program a preferential buckling direction based
on the exposure direction for each local maximum in swelling, providing control
over different isometries.

Figure 2.1. a) Shear-induced alignment of cellulose fibrils during printing and the
subsequent anisotropic swelling; b) print paths and final swollen geometries that
display different mean and Gaussian curvatures; c) directing buckling direction of
dome structures by confinement of physical masks; and d) examples of shapes
achieved with this method. (adapted from ref[64] and ref[66] with permission)
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2.2

Materials and methods
In the mentioned material system that our group has used, several mole

percent of a monomer with a pendent benzophenone unit is incorporated in the
synthesis of poly(N-isopropylacrylamide) (PNIPAm) based copolymers to make
these polymers photocrosslinkable. The crosslinking density of the polymer
increases as the exposure dose of UV light increases, and when immersed in an
aqueous medium at room temperature, a uniformly crosslinked sheet swells
isotropically in area by a factor of Ω that varies with the crosslinking density. In
contrast to conventional photolithography where binary photomasks are used, in
grayscale photolithography[67], light exposure doses are applied in a certain
number of grayscale levels to achieve nearly smooth gradients in patterned
features. Thus, with grayscale photolithography, variations in swelling ratio can be
patterned through the exposure doses with a spatial resolution up to the diffraction
limit of light, introducing inhomogeneous growth in the photocrosslinkable polymer
films.[32] In addition, benefiting from the LCST-type thermal responsiveness of
PNIPAm, the swelling induced deformation of these films is reversible under the
changes of temperature. In this work, we still rely on the this well-established
photocrosslinkble system, but instead of PNIPAm, which has a high glass
transition

temperature

(Tg)

around

140

°C,

we

switch

to

poly(N,N’-

diethylacrylamide) (PDEAm), another thermally responsive polymer with a very
similar LCST[19] , but with a Tg as low as 90 °C to minimize the residual stress from
film preparation.[22,68]
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First, PDEAm based random copolymers, as shown in Figure 2.2, with
different monomer ratios were synthesized by free radical polymerization from
N,N-diethylacrylamide (DEAm), acrylamidobenzophenone (AmBP), acrylic acid
(AAc) and trace amount of RhodamineB methacrylate (RhBMA) as a fluorescent
tag. DEAm was purchased from TCI and purified by passing through an alumina
column. AmBP and RhBMA were prepared as the previous report[31]. AIBN was
obtained from Aldrich and re-crystallized from methanol prior to use. Other
materials were used as received. Monomers were dissolved in 1,4-dioxane and
polymerized at 80 °C overnight with AIBN as the initiator after a nitrogen purge for
1 h. The copolymer was then purified by precipitating into cold hexanes and finally
dried in a vacuum oven at room temperature for 24 h.

Figure 2.2. Chemical structure of the PDEAm based copolymer, poly(N,Ndiethylacrylamide) -co- (acrylic acid) -co- (acrylamidobenzophenone) -co(RhodamineB methacrylate) (PDEAm-co-AAc-co-AmBP-co-RhBMA)

Spin coating was used to prepare PDEAm films with a uniform thickness.
Specifically, a layer of poly(acrylic acid) was first spin coated (3 wt% in water, 3000
rpm) on a 0.2 mm-thick quartz slide (Technical Glass Products) and then
crosslinked with Ca2+ in saturated CaCl2 solution as the sacrificial layer[69]. The
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copolymer was dissolved in 1-propanol with a concentration of 20 wt%, and spin
coated onto the quartz with sacrificial layer with a speed of 1000 rpm for 90 s. The
spin coating was conducted twice for each sample and the thickness is measured
to be 4.5-5 µm with a stylus profilometer.
Figure 2.3 exhibits our setup for photolithography based on a digital
micromirror array device (DMD, DLP Discovery 4100, 0.7 XGA, Texas
Instruments). Each mirror of the DMD can be controlled through a computer
between on and off state, generating light patterns with a resolution of 1024x768
by reflecting collimated UV light (365 nm, pE-100, CoolLED). Then the UV light
patterns are projected to the sample through an inverted microscope (Nikon
ECLIPSE Ti) to photocrosslink desired regions on the polymer films. Unlike the
traditional photo lithography where physical masks are needed, the light pattern
generated here can be switched quickly, thus allowing us to control the exposure
time of each pixel in the exposed region individually. In our experiments, a fixed
intensity of 18 mW/cm2, which is ~10% of the maximal intensity of the LED light
source, is used for UV exposure. After the UV irradiation, samples are immersed
into a marginal solvent of toluene/hexanes mixture (3:1, v/v) to dissolve
uncrosslinked regions without swelling the crosslinked region too much, followed
by drying with blowing nitrogen. Finally, the sacrificial layer is dissolved in 1 mM
phosphate buffered saline (PBS), allowing the patterned samples released from
the substrate and swollen freely in the buffer solution.
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Figure 2.3. Maskless photolithography for patterning of photocrossslinkable
polymer films (adapted from ref [32] with permission)

Swelling ratio of PDEAm gels with different monomer compositions and
exposure times are measured by comparing the area of a uniformly crosslinked
gel disk in the fully swollen state after soaking in the PBS solution for 24 h to the
area in the as-crosslinked state with the results shown in Figure 2.4, In general,
when the exposure time is elongated, the swelling ratio of the PDEAm gel drops
until reaching the fully crosslinked state, while the swelling property of each
copolymer could be dramatically changed by tuning the monomer compositions.
Copolymers with same amount of BP (7 mol%), exhibit similar swelling ratios at
the fully crosslinked state, while the swelling ratio at the slightly crosslinked state
increases with the amount of AAc, demonstrating a substantial promotion of
swelling is provided by the AAc component. Also, the comparison between
PDEAm with 5 mol% of BP with other PDEAm copolymers with 7 mol% of BP
suggests that the swelling ratio at the full crosslinked state increases with a
reduced BP content. Particularly, we notice that the photochemistry of
benzophenone is significantly more efficient in PDEAm compared with PNIPAm
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copolymer. The UV dose needed here is much lower than the dose needed for the
PNIPAm copolymer with similar amount of BP and AAc[32].

Figure 2.4. Swelling ratios of PDEAm copolymers with different UV exposure time.
Mole percentages of AAc and AmBP are as indicated in the legend.
Concentrations of RhBMA are 0.1-0.2 mol% and the rests are DEAm. The upper
and lower inserts are fluorescence microscope images of a PDEAm-0.05AAc0.05BP gel disk and a PDEAm-0.03AAc-0.07BP gel disk respectively.

A larger contrast in swelling ratio between the slightly crosslinked state and
fully crosslinked state which can be provided by a higher AAc content is beneficial,
since it delivers a larger range of stain in the programming of swelling induced
shape morphing. However, more pronounced effects of gradients in residual
stresses, as indicated by the curling of the patterned gel disks, are noticed in the
spin coated polymer films with a higher AAc content. As shown in the inserts of
Figure 3.4, the gel disk from PDEAm with 5 mol% of AAc curls up while the gel
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disk from PDEAm with 3 mol% of AAc remains reasonably flat. Thus, PDEAm with
3 mol% of AAc and 7 mol% of AmBP is chosen for the following experiments
considering the tradeoff between swelling ratio contrast and extent of residual
stress.
Now, from the measured calibration curve of swelling ratio shown in Figure
2.4, we can easily find the corresponding exposure time for each point in a given
swelling metric. For simplicity, instead of controlling the duration of “on” state of
each mirror individually, the grayscale gel lithography method introduced by Na et
al.[32] is used, in which we uniformly divide the calibration curve into a specific
number of swelling ratio scales, normally 26 or 28, to approximate the target
exposure time of each pixel.

2.3

Prescription of Gaussian curvature
As discussed in Chapter 1, Gaussian curvature K is an intrinsic property of

the target shape and can be determined by the swelling metric Ω(r) in an infinitely
thin film according to Gauss’s theorema egregium,
∇2 ln 𝛺(𝒓)
𝛫(𝒓) = −
.
2𝛺(𝒓)

(2.1)

Thus, for a given surface, we can find the corresponding swelling metric from its
Gaussian curvature, assuming the solution exists. Utilizing the merit of
photochemistry and maskless photolithography, crosslinking density in the
polymer sheet can be spatially patterned, further introducing inhomogeneous
swelling that allows 3D deformation. Through the calibration between areal
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swelling ratio and exposure doses in photolithography, we can finally prescribe
Gaussian curvature of the 3D shape that a flat polymer sheet deforms into.

2.3.1 Shapes with axisymmetric swelling metrics
To validate our system, we first consider three shapes with axisymmetric
metrics that have been demonstrated by our group with a different material or
method, including a spherical cap, a saddle and an Enneper’s minimal surface.
For the spherical cap, which has a positive constant Gaussian curvature, the
swelling metric Ω could be written as
𝛺(𝑟) =

𝑐
(1 + (𝑟/𝑅)2 )2

(2.2)

where r is the radial position in a cylindrical coordinate system, c and R are two
constants, which together determine the constant Gaussian curvature as K =
4/(cR2). Similarly, for the saddle that has a negative constant Gaussian curvature
of -4/(cR2),
𝛺(𝑟) =

𝑐
(1 − (𝑟/𝑅)2 )2

(2.3)

and metric of the form
𝛺(𝑟) = 𝑐[1 + (𝑟/𝑅)2(𝑛−1) ]

2

(2.4)

corresponds to an Enneper’s minimal surfaces with n nodes, which would break
axial symmetry in the swelling metric by forming n wrinkles while keeping a
constant zero mean curvature.
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Swollen gel samples with the patterned swelling metric are measured by an
optical microscope with fluorescence filters (Zeiss, Axiotech Vario) and a laser
scanning confocal microscope (Nikon, A1R) to get the true 3D shape information.
Figure 2.5 (a-c) shows the target swelling metrics and the corresponding confocal
images of a spherical cap with a target K = 1.2×10-5 µm-2 (c = 3.2, R = 325 µm, r
<= 0.75R), a saddle with a target K = -1.8×10-4 µm-2 (c = 1.3, R = 130 µm, r <=0.6R),
and an Enneper’s surface with 6 nodes and c = 1.291, R = 375 µm, which all
qualitatively agree with the programmed shapes.
We further measure the Gaussian and mean curvatures of the deformed
hydrogel sheets from the confocal microscopy images. For each sample, the 3D
stacked confocal images are first extracted in an image processing software, Fiji[70],
as an image sequence with expanding the nominal spacing by a factor of 1.33 to
correct the refractive index mismatch between water and air, and then converted
to black-and-white images with a proper threshold. Subsequently, an isosurface
mesh of the sample is extracted from the processed image sequence in MATLAB
and smoothed to minimize surface imperfections, from which the mean and
Gaussian curvature can finally be calculated with a user-developed MATLAB
function[71]. As shown in Figure 2.5(a-c), despite of some small deviations, both the
spherical shell and saddle exhibit relatively uniform Gaussian curvatures which are
reasonably close to the target values (1.2×10-5 µm-2 and -1.8×10-4 µm-2), and the
overall mean curvature of the Enneper’s surface is also close to zero which
matches the target profile well.
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Figure 2.5. Swelling metrics and the corresponding confocal microscopy images
of gel samples of (a) a spherical cap, (b) a saddle, (c) an Enneper’s suface with 6
nodes, (d) a double sinusoidal surface and its locally isometric shape (e). The scale
bar in (b) is 100 µm. All other scale bars are 300 µm. The mean curvature H and
Gaussian curvature K of each shape are measured from the reconstructed 3D
models of confocal images in MATLAB. The ranges of color bars in each curvature
maps are as follows. (a) H: -0.02-0.02 µm-1 and K: -10-4-10-4 µm-2; (b) H: -0.050.05 µm-1 and K: -10-3-10-3 µm-2; (c) H: -0.05-0.05 µm-1 and K: -2×10-4-2×10-4 µm2; (d) H: -0.02-0.02 µm-1 and K: -2×10-4-2×10-4 µm-2; (e) H: -0.02-0.02 µm-1 and K:
-2×10-4 - 2×10-4 µm-2.

One should note that instead of the 2D surfaces that we have programmed,
the curvature measured here are actually from the top, bottom and side surfaces
of the 3D gel sheets that have finite thicknesses, which explains why the regions
near edges of each shape always display significantly different curvatures
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compared with what we have programmed. Also, the measured surface curvatures
can show a few additional optical artifacts. For instance, in a sample with a
relatively complicated shape, if parts of the sample are blocked by other parts in
the optical path of confocal microscopy, the blocked region can become dimmer
and its apparent thickness in the reconstructed model in MATLAB would become
thinner than other regions, thus inducing considerable deviation in local surface
curvatures.

2.3.2 Double sinusoidal surfaces
We next consider a more complicated shape with a non-axisymmetric
swelling metric. Figure 2.5(d-e) shows the swelling metric of a double sinusoidal
corrugated surface that could be described by a height function of
2𝑝𝑥
𝑝𝑥 √3𝑝𝑦
𝐻(𝑥, 𝑦) = 𝐻0 [cos (
) + cos ( +
)],
𝐿
𝐿
𝐿

(2.5)

where we choose L = 5H0. However, two different shapes are observed
experimentally, as shown in Figure 2.5(d) and (e) respectively. In Figure 2.5(d),
the gel sheet does deform into the desired corrugated shape. In this situation, the
three local maxima in the swelling metric indicated by the blue boxes buckle
alternatively, i.e. downward-upward-downward (or upward-downward-upward).
The curvature maps show that the regions around each local maximum exhibit
positive Gaussian curvatures, among which the two regions on the sides have
negative mean curvatures while the central region has positive mean curvatures,
just as predicted. However, in some cases, these local maxima in swelling metric
may also buckle toward the same direction and form the shape shown in Figure
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2.5(e). In contrast, the same regions in the mean curvature map are all negative
while the Gaussian curvature map is very similar to that in Figure 2.5(d).
Therefore, the prescribed Gaussian curvature does not fully determine the
final shape that the gel sheet deforms into in the example of double sinusoidal
surfaces. Each local maximum is bistable and can buckle either upward or
downward, generating two or more nearly isometric shapes. As discussed in the
first section of this chapter, providing a preferential buckling direction by employing
a modest gradient through the thickness of the sheet can solve similar problems
in an anisotropic growth material system. Later, we will discuss a solution for our
isotropic swelling material system in Section 2.5.

2.3.3 Patterning spherical shells with low distortion swelling
In the discussed example of spherical caps, to pattern a hemisphere, r
needs to vary from 0 to R, corresponding to a change in swelling metric from c to
c/4 in Equation 2.2, which suggests that a minimal ratio of 4 between the highest
and lowest swelling ratio (Ωmax/Ωmin) of the material is needed. In fact, the swelling
range needed under this projection method will diverge quickly for spherical shells
greater than hemisphere. However, the swelling ratio range that a material can
provide is always limited. Since Gauss's theorema egregium may have more than
one solution with different boundary conditions, one method to circumvent this
problem is to reduce the needed Ωmax/Ωmin by properly cutting the targeted surface
and adding more boundaries.[72] Here, we demonstrate several examples of
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patterning cut spherical shells using the limited swelling ratio range that the
PDEAm copolymer could provide.

Figure 2.6. Swelling metrics and the corresponding fluorescence microscopy and
confocal microscopy images of patterned spherical shells with different numbers
of cuts and swelling ratio ranges: a) two cuts, Ωmax/Ωmin = 2.49, b) six cuts,
Ωmax/Ωmin = 2.49, c) three cuts, Ωmax/Ωmin = 2.48, d) three cuts, Ωmax/Ωmin = 2.37, e)
three cuts, Ωmax/Ωmin = 2.17, and f) three cuts, Ωmax/Ωmin = 2.48, with corners cut
out. Scale bars are 200 µm. The calculated K map of each shape is based on the
applied swelling metric and the measured K map is based on the reconstructed 3D
models from confocal images in MATLAB. The ranges of color bars in all curvature
maps are -10-4-10-4 µm-2.
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We start from spherical shells with different numbers of cuts (2, 3 and 6)
and use almost the maximal range of the swelling ratio that our PDEAm copolymer
provides. As shown in Figure 2.6(a), the two-cut gel sheet has a relatively narrow
neck in the center of the swelling metric, which seems to be problematic when
deforming from a flat sheet into a spherical shell. According to the measured
curvature map, although other regions have Gaussian curvature similar to the
target value, the narrow neck exhibits negative Gaussian curvatures, preventing
the gel sheets buckle into a spherical shell. The 6-cut one (Figure 2.6(b)) is closer
to a spherical shape but with some large openings between the cut boundaries.
We doubt this is due to the limitation of photolithography: around the tips of those
sharp corners, some unwanted parts are also crosslinked and impede the gel
sheet from fully closing. This might also the reason why the 3-cut metric (Figure
2.6(c)) is obviously closer to the target sphere than the 6-cut one, since it has fewer
corners.
As seen in the calibration curve of swelling ratio shown in Figure 2.4, when
close to the fully crosslinked state, even a small increase in swelling ratio can
greatly reduce the needed exposure time, thus alleviating the over-crosslinking
problem. Therefore, we next test swelling metrics with three cuts but including
smaller swelling ratio range, by increasing the lowest swelling ratio while keeping
a similar highest swelling ratio. With a very small increase in the length of the cuts,
we can reduce the swelling ratio range from 2.48 to 2.37, and significantly
decrease the opening between the cut boundaries. (Figure 2.17(c) and (d))
However, further reducing the swelling ratio range to 2.17 (Figure 2.6(e)) does not
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help to get even smaller openings. A swelling metric with the sharp corners cut out
(Figure 2.6(f)) is also examined and achieves a nearly spherical shape with only
very small openings, which is expected considering that the swelling metric is
calculated in the limit of infinitesimal thickness. For a hydrogel sheet that has a
physical thickness, the bending energy will cause the deviation from the target,
because of the unfavored mean curvature in the target shape. We expect as the
thickness is decreased, the swollen patterned gel sheet can further approach the
target spherical shell.

2.3.4 Calibration of intensity distribution
Lastly, it is worthwhile to mention that the above strategy based on the
calibration curve of swelling ratio assumes that the light pattern generated by DMD
reflection possesses a uniform intensity over the entire exposed area, which might
not be true due to the imperfection of an optics system. We evaluate the intensity
uniformity of the central 800x600 pixels by measuring the power of light reflected
by each 20x20-pixel unit individually using a power meter (Thorlabs, PM100USB).
As shown in Figure 2.7, the central area of the DMD pattern has a relatively uniform
intensity distribution with a variation around ±10%, but the change in intensity from
the center to edge of the calibrated area is as large as ~50%. Thus, during the
patterning of relatively large samples, exposure time of each pixel is corrected by
the reciprocal of its relative intensity to a standard value.
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Figure 2.7. Intensity map of the light pattern generated in the DMD based
maskless lithography setup. X and y axis are coordinates on the DMD by pixel.
Only the central 800x600 pixels are measured here.

2.4

Prescription of mean curvature
In contrast to Gaussian curvature, mean curvature is an extrinsic property

of a surface, implying that out-of-plane inhomogeneous growth is essential in the
prescription of mean curvature. In our PDEAm copolymer, the diffusion length of
radicals is minimal due to its glassy nature and covalently attached
photocrosslinkers. Gradients of crosslinking density through the thickness can be
introduced by the gradients of light intensity even in a relatively thin film. Thus, to
pattern inhomogeneous growth or swelling through the thickness of films, we can
simply rely on the intensity gradients as the result of the absorption when light
travels through the films. (Figure 2.8(a))
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According to Beer-Lambert law, if we assume an original light intensity of I0,
then after traveling a path length of l, the light intensity I will exponentially decay,
following
𝐼
= e−𝜀𝑐𝑙 ,
𝐼0

(3.6)

where ε is the absorption coefficient of the light absorbing species and c is its
concentration, and a penetration depth is defined as 1/εc. Apparently, a substantial
gradient in light intensity can be achieved only when the penetration depth is
comparable or smaller than the film thickness, which is required in the patterning
of mean curvature within a reasonable large range.

Figure 2.8. a) The intensity of light decays exponentially when it passes through
a light-absorbing film. b) Absorption spectrum of PDEAm copolymer in 1-propanal
with different concentration (w/v) and c) absorption spectrum of Tinuvin 328 in
chloroform and its chemical structure (adapted from the material data sheet)
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Due to the glassy nature of the copolymer in its dry state, it is likely to build
residual stress gradients or crack when in a relatively thick film. The maximal film
thickness is limited up to a few tens of microns. According to the absorbance
spectrum measured with an ultraviolet-visible spectrophotometer (Figure 2.8(a)),
the penetration depth of the PDEAm copolymer at 365 nm, which is the wavelength
used for UV crosslinking, is around 25 µm, while the film thickness is only 5 µm.
Considering the insignificant UV absorption from the polymer itself, additional UV
absorbers is needed in the copolymer to increase the absorption coefficient ε and
make the penetration depth comparable to the film thickness. Here, a commercial
available UV absorber, Tinuvin 328, whose absorption spectrum is shown in Figure
2.8(c), is selected for this purpose.
1 wt% of Tinuvin 328 is doped into PDEAm copolymer solution prior to spin
coating to decrease the penetration depth to 10 µm. Uniformly crosslinked disks
with different exposure times are patterned to explore the effect of this UV absorber.
Due to the existence of intensity gradients, the top of the polymer film will have a
higher crosslinking density, and accordingly a higher swelling ratio compared with
the bottom. As a result, all samples shown in Figure 2.9 exhibit different extents of
curling to release the stress from the out-of-plane inhomogeneous swelling. The
mean curvature of these curling gel sheets decreases as the exposure dose
increases, which is expected considering the decreasing slope in calibration curve
of swelling ratio (Figure 2.4) for longer exposure time. With a fairly long exposure
time (i.e. 600 s), the crosslinking density is finally saturated throughout the entire
film and the gel sheet is flattened.
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Figure 2.9. Swollen PDEAm disks patterned with different exposure time

Furthermore, if the polymer film is deposited on an UV transparent substrate
like quartz, UV light can also irradiate the sample from the opposite direction, i.e.
from the quartz side. In this case, bottom of the polymer sheet will have higher
crosslinking density and lower swelling ratio, thus forcing the sheet bend
downward after being swollen, which is to say, the bending direction or the sign of
mean curvature could be simply controlled by the incident direction of UV light
(Figure 2.10(a)). Both positive and negative mean curvature can be prescribed
through this double-sided lithography. Figure 2.10(b) exhibits an example of the
3D shape that be obtained by prescribing mean curvature. A wavy stripe is easily
achieved by patterning three rectangular regions from front (the polymer side) and
two rectangular regions from back (the quartz side).
A key step in the double-sided lithography is the alignment of front and back
patterns. The location of the crosslinked region in front exposure is lost after the
sample is flipped for back exposure. In the step of alignment, the original sample
location is found and restored to ensure that the front and back patterns are
correctly aligned at the right position on the polymer film. More specifically, a large
exposure dose of ~20 J/cm2 is employed to bleach the Rhodanmine B fluorophore
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within the pattern of alignment marks (Figure 2.10(a)), followed by the normal
exposure with the front pattern. After flipping the sample for back exposure, the
bleached alignment marks can still be clearly seen with fluorescence filters
inserted. Meanwhile, the same alignment mark pattern is projected onto the
sample by DMD with visible light. Then the original sample location can be restored
by translating the sample until the bleached region overlaps with the pattern of
projected light.

Figure 2.10. a) A schematic illustration of the double-sided photolithography: the
exposure can be conducted from either direction to decide the bending direction
of a gel sheet. The color is indicating the crosslinking density with darker colors for
higher crosslinking densities and lighter colors for lower crosslinking densities. b)
A wavy stripe patterned with the double-sided lithography and the corresponding
patterns used.
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2.5

Simultaneous control of mean and Gaussian curvature
We have demonstrated that both mean and Gaussian curvature can be

prescribed in the 3D deformation of photocrosslinkable polymer sheets through the
DMD based maskless photolithography. However, either of the curvature is not
adequate to determine an arbitrary surface. For instance, in the double sinusoidal
surface that we have discussed in Section 2.3.2, the prescribed local Gaussian
curvature does not define the buckling direction of each local maximum, i.e.
upward or downward. In this section, we will focus on the simultaneous control of
both mean and Gaussian curvature, with the double sinusoidal surface employed
as our model. As we did in the prescription of Gaussian curvature, in-plan
inhomogeneous swelling will be patterned through the variation of local exposure
time. Meanwhile, Tinuvin 328, the UV absorber is doped to provide a preferential
buckling direction by introducing a slight variation in swelling through the film
thickness. When one unit in the sinusoidal surface is exposed from front, the
swelling ratio through the thickness rises from the top to the bottom, thus this unit
is more likely to buckle downward, and vice versa. Here, only 0.5 wt% of Tinuvin
is added to break up-down symmetry by a modest intensity gradient without
interfering the target in-plane swelling metric too much.
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Figure 2.11. Controlling the buckling direction of a local maximum by the incident
direction of UV light. Same as Figure 2.10, the color here is indicating the gradients
of crosslinking density.

For simplicity, we start from a double sinusoidal surface with a swelling
metric that has only one local maximum (Figure 2.12(a)), which is basically one
repeating unit of the swelling metric shown in Figure 2.5(e). A small rectangle is
added at the corner to break the reflection symmetry, so that we can distinguish
the buckling direction. Pure PDEAm copolymer and PDEAm doped with Tinuvin
are patterned with the same swelling metric and deform into the shapes shown in
Figure 2.12(c) and (d) respectively. In pure PDEAm copolymer, the intensity
gradient through the thickness is not prominent to break up/down symmetry and
the gel sheets tend to buckle randomly upward or downward. With the addition of
external UV absorbers, on the other hand, all gel sheets buckle to the same
direction, validating that our method can reliably control the buckling direction of a
single unit in a double sinusoidal surface. (Figure 2.12(b)) Here, a modest
concentration of 0.5 wt% of UV absorber is chosen to give a preference in buckling
direction without severely interfering the original swelling. The contrast of a single
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unit between with and without UV absorbers is shown in Figure 2.12(c) and (d)
with both fluorescence and confocal microscopy images.

Figure 2.12. a) Swelling metric to pattern a single unit of a double sinusoidal
surface; b) the statistic of buckling directions of such a unit with and without doping
of additional UV absorbers; c) and d) fluorescence (upper) and confocal
microscope (lower) images of the patterned gel sheets with or without additional
UV absorbers

We next test a swelling metric with three such repeating units. Instead of
exposing all of them simultaneously from the same direction, the first and third
units are irradiated from the top of the film and the middle unit from the bottom side.
Ideally, a sinusoidal surface should form, as the three units buckle to alternative
directions due to the programmed preferences through the irradiation direction.
36

However, most of the time, all three units choose the same direction and deform
to the shape shown in Figure 2.13(a), although one could clearly tell the existence
of boundary layers[73] in the middle unit, presumably due to unfavored mean
curvature. This is also in agreement with Wang et al.[66] that the configuration with
two adjacent domes buckling toward the same direction has a lower elastic energy.

Figure 2.13. Swelling metrics and fluorescence microscopy images of three-unit
double sinusoidal surfaces or their derivatives a) without creases or b) with creases
at the boundaries of each repeating unit. The tables above each fluorescence
image indicate the exposure direction of repeating units, with ‘F’ standing for front
(polymer side) and ‘B’ for back (quartz side).

Therefore, creases at the boundaries of each unit are incorporated into the
original swelling metric to decouple the interaction between these buckled units. In
condition that each repeating unit and its buckling direction can independently be
identified, the total number of possible configurations will be of 23. Specific to our
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situation, the actual number of distinct shapes is reduced to three according to
geometric symmetry. With the incorporation of creases, all the three shapes are
successfully programmed as shown in Figure 2.13(b), establishing that the
buckling direction of each unit can be controlled individually by the irradiation
direction.
We realize that in such a scenario, the choice of buckling direction can be
very sensitive to the initial condition during swelling, since the transition between
two stable or metastable states need to overcome an energy barrier. The
attachment to the substrate might interfere buckling direction of the gel sheet. To
separate the releasing and swelling process, in all experiments in this section, the
PAA sacrificial layer is removed in a high-temperature (50-55 °C) PBS solution first.
Owing to the thermally responsiveness of PDEAm, the swelling of the polymer
sheet is minimal at such temperatures. After being released from the substrate,
free-standing polymer sheets are allowed to swell slowly and deform to the desired
shapes by decreasing the bath temperature at a modest rate of 2 °C/min with a
temperature control stage (Instec HCS621V).
Figure 2.14 exhibits the shape evolution of these gel sheets during the
cooling process. For a swelling metric with three units which are exposed from
front-back-front respectively, gel sheets with and without creases start showing
some differences in shape when the temperature drops down to 30-35 °C. Below
30 °C, the middle unit of a gel sheet with creases start to bend toward the opposite
direction, while the one in a gel sheet without creases is stuck at the same direction
due to coupling to its neighboring units. It is noticed that these gel sheets always
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bend upward at higher temperatures. We do not fully understand the origin of this
bias yet, but it might be related to the photografting of hydrophilic polymer from the
sacrificial layer on the bottom of PDEAm copolymer sheets.

Figure 2.14. Swelling induced shape evolution of gel sheets with 3×1 units during
the cooling of buffer solution. ‘F’ stands for exposing from front (polymer side) and
‘B’ stands for exposing from back (quartz side).

The creases incorporated at each boundary are actually patterned narrow
regions with a high areal swelling ratio and lower moduli. Accordingly, we can
simply tune the strength of coupling between adjacent buckled units by changing
the swelling ratio of these creases. In Figure 2.15(a), when the areal swelling ratio
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of creases is decrease from 2.75 to 1.75, the coupling effects become stronger
and the adjacent units fail to buckle to the opposite direction. We also notice that
smaller units more tend to buckle toward the same direction. In Figure 2.15(b), a
gel sheet which is 2/3 of the original dimension does not adhere to the prescribed
direction, for a reason that we would talk about next.

Figure 2.15. Contributory factors to the coupling between neighboring units: a) gel
sheets with creases of different swelling ratios and b) gel sheets of different
dimensions. All gel sheets are prescribed to buckle into the ‘down-up-down’
configuration. The number below each fluorescence image indicates the areal
swelling ratio of creases or the pre-swelling width of one repeating unit. The blue
color indicates that corresponding gel sheet deforms as desired and the red color
indicates the gel sheet fails to buckle ‘correctly’. (scale bar: 200 µm)

To better understand the origin of the coupling between the buckled units,
we step back to a single-unit gel sheet first. One unit is patterned without doping
any UV absorber. According to the measurement by confocal microscopy, the
actual 3D shape of the gel sheet after swelling (Figure 2.16(b)) is very similar to
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our target (Figure 2.16(a)). However, when the lateral dimension of such a unit is
reduced, instead of shrinking proportionally, the shape that the gel sheet is slightly
distorted from the target, presumably due to the increase in equivalent thickness
while the swelling metric is calculated in the limit of infinitesimal thickness. As
shown in Figure 2.16(c) and (d), the boundaries of smaller gel sheets start to curve.
Indeed, the introduction of external UV absorbers and swelling variations through
the thickness can further aggravates the distortion from the target shape. We
further measure the bending content[2] distribution (defined as 4H2-2(1-ν)K, ν is
Poisson ratio) of the larger gel sheet (Figure 2.16(b)) as shown in Figure 2.16(f)
and the smaller gel sheet (Figure 2.16(c)) as shown in Figure 2.16(g), using the
method adapted from Na et al.[32]. The bending contents of the target double
sinusoidal surface unit, as shown in Figure 2.16(e) is also calculated for
comparison. According to Figure (e-g) and the average bending contents of each
shape calculated in Table 2.1, the bending content decreases when the equivalent
thickness of a gel sheet increases, suggesting that gel sheets with finite
thicknesses here distort from their target shapes to lower down the bending energy
in the system.
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Figure 2.16. a) the target shape of a single-unit double sinusoidal surface drawn
with Mathematica and Rhinoceros; b) confocal images of a gel sheet prescribed to
be a single-unit double sinusoidal surface, c) a gel sheet half size of (b), and d) a
gel sheet quarter size of (b); bending contents distribution of e) the target unit, f)
the larger gel sheet in (b), and g) the smaller gel sheet in (c), when assuming a
Poisson ratio of 0.5. Color bar range: -2×10-4-2×10-4 µm-2.

Table 2.1. Average bending contents of the larger, the smaller gel sheets, and the
target sinusoidal surface unit when assuming different Poisson ratios (The values
in parentheses for the smaller gel sheet are the normalized bending contents,
which are comparable to bending contents of the target shape and the larger gel
sheet)
Average bending contents / 10-5 µm-2
Poisson ratio
Target

L

S

0.3

2.96

2.52

8.25 (2.06)

0.5

2.96

2.58

8.70 (2.18)
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Such curved boundaries might be problematic when two units buckled to
opposite directions meet. When stitching such two units together, both units need
to be distorted to fill the gap near the boundary (Figure 2.17(a)), which can cause
increase in elastic energy and make this state energetically unfavorable compared
with two units that have the same buckling direction. Thus, the incorporation of a
flexible crease can help lower the extra bending energy caused by the
incompatibility of boundary lines and decouple the buckling direction of adjacent
units. This also explains why smaller units tend to have stronger coupling with each
other, as the edges of a smaller unit are more curved. To support this hypothesis,
an elastomer model with three curved units shown in Figure 2.17(b) is made by 3D
printing (Formlabs, Form2). When one of the three units is mechanically pressed
to buckle to the opposite direction, its neighboring unit(s) folds toward this unit to
fill the gap between incompatible curved boundaries. A relatively intense bending
content is observed at the boundaries in this process, suggesting a high-energy
state. Thus, a curved unit is more likely to buckle to the same direction as its
neighbor(s) does, which results in the coupling effect in buckling direction of
adjacent units.
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Figure 2.17. a) A gap exists when two units buckled to opposite directions meet,
while there is no such gap when the two units buckle to the same direction. b) A
3D printed elastic model with three curved units, and the shapes when one of the
units buckles to the opposite direction

Notably, a similar phenomenon is also observed in another very common
shape-programmable material, i.e. liquid crystal elastomer (LCE). When a
topological defect in mesogen director is imprinted, an LCE sheet will buckle into
a cone when heated above the transition temperature. As shown in Figure 2.17(c),
for a liquid crystal elastomer sheet that has three such buckled units, it shows
similar shapes as our 3D printed model when each pyramid unit is mechanically
buckled to different directions.
We further explore possibilities in patterning buckling direction of 2D arrays
(3×2 and 3×3) of such units. Considering that each unit has two stable or
metastable buckled states, the entire structure can have a huge configuration
space. Here, we only pick a few as the representatives. As shown in Figure 2.18,
when each repeating unit is programmed to buckle toward alternative directions
(the 1st configuration in each figure), the gel sheets do deform into sinusoidal
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surfaces in both 3×2 and 3×3 arrays as desired. However, not all configurations
are achievable even with the incorporated creases. When all three units in a row
are designed to buckle to the same direction but the neighboring rows are assigned
to the opposite direction, all samples fail to deform to the desired shapes, ending
up buckling to the same direction again (the 2nd configuration in each figure). This
is not difficult to understand using a similar argument for metrics with 3×1units.
When all three units in one row choose the same direction, the overall shape will
also bend toward the that direction to relax the bending energy near the boundaries
of adjacent units, thus curving the border line, just like the shape with a downdown-down configuration shown in Figure 2.13(b). Again, penalty in energy will
arise for stitching two rows that bend toward different directions together. We also
note that if a unit is programmed to buckled to the opposite direction with all its
neighbors, it is easier to follow the programmed direction when this unit sits at the
corner than in the middle (3rd and 4th configurations in Figure 2.18(a)), proving
again the coupling effect between neighboring buckled units.
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Figure 2.18. Swelling metrics and fluorescence microscopy images of double
sinusoidal surfaces with 2D array of repeating units, including a) patterns with 3×2
repeating units and patterns with 3×3 repeating units with aspect ratios of √3 in b)
or 1 in c). The tables above each fluorescence image indicate the exposure
direction of repeating units, with ‘F’ standing for front and ‘B’ for back. The blue
color indicates that corresponding gel sheet deforms as desired and the red color
indicates the gel sheet buckles ‘incorrectly’. (scale bar: 200 µm)
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2.6

Conclusion and future work
To summarize, we have successfully demonstrated the programming of

swelling induced shape deformation in a thermally-responsive hydrogel. A
photocrosslinkable copolymer of PDEAm is designed based on benzophenone
photochemistry, of which crosslinking density and areal swelling ratio could be
patterned with varying local exposure time. Relying on photolithography technique,
Gaussian and mean curvature are prescribed in this PDEAm gel by patterning inplan and out-of-plane inhomogeneous swelling respectively. However, neither
Gaussian curvature nor mean curvature alone is adequate to determine an
arbitrary surface. In the example of a corrugated surface, each local maximum in
2D swelling metric can have different buckling directions. We establish a strategy
which controls both in-plane and out-of-plane inhomogeneous swelling, thus
allows the programming of buckling directions of those local maxima.
Compared with the existing methods that allows simultaneous control of
both mean and Gaussian curvature mentioned in Section 2.1, our method is
relatively simple and does not require complicated devices. In the case that the full
intensity of the LED light source is applied, the whole fabrication process starting
from polymer powders, could be finished in minutes. In addition, the resolution in
our method is mostly limited by the diffraction limit of light. (The limitation is the
dimension of the extruded filaments for the biomimetic 4D printing by Gladman et
al[64], and the domain size of liquid crystal for patterned surface aligned liquid
crystal elastomer by Aharoni et al.[65]) This allows us to fabricate 3D shapes in a
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much smaller scale, which could be critical for biomedical purposes like drug
release or other in-vivo applications[74].
In the meantime, we realize that in our current method, introducing UV
absorber without modifying the pattern of exposure time can distort the target
shape due to the following reasons. First, it does not take in account of the shifting
in the calibration curve of swelling ratio caused by the introduction of UV absorbers,
leading to a deviation in the prescribed in-plane swelling metric, and Gaussian
curvature as well. More importantly, only the sign or direction of mean curvature is
controlled, while the actual patterned magnitude might be very different from that
of the target shape. The effect of this unfavored mean curvature can be significant
especially for relatively thick gel sheets.
Therefore, we propose a modified strategy which allows a faithful
prescription of both mean and Gaussian curvature and minimizes the distortion in
shape caused by the above reasons as our future work. In the original method,
although UV light illuminates the photocrosslinkable polymer film from both sides,
a single point on the film is always exposed from only one side. Thus, the only local
variable in the photopatterning process is the exposure dose. In this case, the
swelling ratio and mean curvature are always correlated. In contrast, if a point is
exposed from both sides with independently varying doses, creating an additional
degree of freedom, mean curvature can still be adjusted under the same local
swelling ratio, and vice versa. In a simple example shown in Figure 2.19(a), when
uniform UV light irradiates the sample from both sides with the same dose, ideally
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the sheet will keep flat with a mean curvature of zero, while the swelling ratio can
still be tuned by applying different exposure doses.

Figure 2.19. a) In a double-sided exposure with same dose on either side, swelling
ratio could be varied while the mean curvature keeps zero. b) Areal swelling ratios
and c) mean curvature of PEDAm copolymer film with 1 wt% Tinuvin 328 under
different exposure time from both front and back sides of the film.

We conduct calibration on both swelling ratio and mean curvature by
patterning PDEAm gel disks with uniform UV irradiation from both sides of the film,
from which two calibration surfaces are obtained with exposure times from the front
and back side as the x and y axis, and the areal swelling ratio or mean curvature
as the z axis, as shown in Figure 2.19(b) and (c). To program an arbitrary surface,
mean curvature and planar swelling metric of the target shape need to be
calculated first. For the specific value of mean curvature or swelling ratio of each
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point, one could find a curve that satisfies this value on the corresponding
calibration surface. Then the intersection of the two curves from swelling ratio and
mean curvature calibration surface, will indicate the front and back exposure time
needed for that point. Finally, after finding the exposure time from both side for
every point, we can employ grayscale lithography on both sides of the film, and
achieve a true prescription on both mean and Gaussian curvature without
distortion. The MATLAB code to conduct such double-sided grayscale lithography
is included in the appendix part of this thesis.
Another future direction of this project is aimed at improving versatility in
material choices. Although DEAm in this photocrosslinkable polymer can be
replaced by other hydrophilic monomers, a swelling ratio that can be accurately
tuned by local exposure time, as well as a decent areal swelling ratio range, is
always required. Although not included in this work, efforts have also been made
to use a two-material system to achieve the prescription of curvatures. Specifically,
dots of a rigid and non-swelling material are patterned on both sides of a soft and
swelling gel sheet under the designing rule of halftone photolithography [31] to
confine its local swelling. In this case, swelling ratio of the trilayer structure is tuned
by the areal fraction of the non-swelling material and mean curvature is tuned by
the relative size of the rigid dots on both sides. Neither the soft material nor the
rigid material needs to have a tunable property with varying exposure doses, which
renders this two-material method more universal in terms of material choice,
despite some potential sacrifice in resolution.
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CHAPTER 3
SOFT ACTUATORS BASED ON THERMALLY RESPONSIVE
HYDROGELS AND NANOCOMPOSITES

3.1

Overview
Actuators are devices that convert various forms of energy including heat,

light, electric field and chemical energy into mechanical work. [75][3] Traditional
actuators often consists of rigid structural elements including materials like metals
and mechanical joint bearings, thus not being suitable for adaptive or delicate
applications.[76] The recent advances in fields like healthcare and wearable devices
also oblige the development of soft actuators, which are made from materials like
hydrogels and elastomers. In contrast to their rigid counterparts, soft actuators may
easily adapt to dynamic tasks and naturally possess excellent biocompatibility as
living organisms like human can also be considered as soft actuators that convert
biochemical energy into mechanical work.[62][77] As discussed in Chapter 1,
hydrogels can be good candidates for soft actuators considering their ability to
undertake large strains by swelling/deswelling and the excellent stimuliresponsiveness. In this chapter, we will start from PNIPAm, one of the most studied
temperature-responsive polymer, to explore the fabrication of micro-scale
actuators with different geometries. The same benzophenone containing monomer
used in the last chapter will be incorporated to make PNIPAm photocrosslinkable.
Relying on this photocrosslinkable copolymer, planar actuators with a bilayer
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structure and cylindrical actuators are fabricated by photo lithography and
depositing PNIPAm droplets on fibers of passive materials, respectively.
Beyond thermal actuation, considerable efforts have been devoted to photo
actuation, which utilizes light as the driving stimulus in the past decades, because
of advantages including fast switching, high spatial resolution, and the capacity for
remote control. Alongside materials exhibiting a true photomechanical response,
such as PLZT ((Pb, La)(Zr, Ti)O3) ceramics doped with WO3[78], chalcogenide
glasses[79], and liquid crystal elastomers with incorporated photochromic
moieties[80][53], the photothermal effect—i.e., conversion of light into heat by
strongly absorbing species—provides a broad range of materials that can be used
for photo actuation.[81][82][83][84][85][86][87] Polymer-based systems are of particular
interest, because they offer a wide spectrum of mechanical properties and much
larger actuation strains compared with inorganic materials.[3] For example, photoinduced stress relaxation of polymers above their glass transition temperature has
been used to fabricate irreversible photoactuators.[88][89] Another common
approach is to dope stimuli responsive hydrogels with photothermal materials or
other photosensitive molecules to take advantage of a light-triggered change in
swelling.[90][91][92][93][94][9][95] In this work, the temperature-responsive PNIPAm
hydrogel is further combined with plasmonic nanoparticles that transduce light into
heat, providing a simple and effective route to prepare photo-responsive materials.
Using the nanocomposites of PNIPAm hydrogel, the photo actuation of the
microactuators is also demonstrated.
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3.2

Materials: PNIPAm copolymer and its Au nanocomposites
Among all the thermally responsive materials, hydrogels based on PNIPAm

have bed utilized as major components of smart materials especially for biological
applications[96][97]. As a result of their surface plasmon resonance (SPR), gold
nanoparticles (AuNPs) show significantly stronger absorption than traditional
photothermal dyes,[98][99] hence their inclusion provides a simple route to confer
light responsiveness.[100][101] Doped with gold nanoparticles, the thermally
responsive PNIPAm hydrogels should be able to undergo a remarkable and
reversible response to light illumination, rendering them excellent candidates for
photoactuator materials. Relying on such composite gels, we will establish a
photoactuator system that demonstrates highly reversible bending and unbending
behaviors in response to illumination of visible light.
A PNIPAm copolymer (Figure 3.1(a)) is prepared by radical polymerization,
with a feeding ratio of 87.5 mol % of NIPAm, 7 mol % of acrylamidobenzophenone
(AmPB), and 5.5 mol % of acrylic acid (AAc) to promote swelling. AmBP is
prepared by between acryloyl chloride and 4-aminobenzophenone in in
dichloromethane and triethylamine as the previous report[102]. AIBN is obtained
from Aldrich and re-crystallized from methanol prior to use. Other materials are
used as received. Monomers are dissolved in 1,4-dioxane and polymerized at
80 °C overnight with AIBN as the initiator after following three freeze-pump-thaw
cycles and a nitrogen purge for half an hour. The copolymer is then purified by
precipitating into diethyl ether and finally dried in a vacuum oven at room
temperature for 24 h. The molecular weight of the PNIPAm copolymer is
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determined via size exclusion chromatography (SEC) with dimethylformamide
(DMF) (0.01 M LiCl) as the eluent. The synthesized copolymer has a M n of 25
kg/mol and a dispersity of 4.7 with poly(methyl methacrylate) standards for
calibration. 1H NMR is performed using a Bruker 400 MHz spectrometer with
chloroform-d as the solvent to characterize he composition of PNIPAm copolymer.
The NIPAm/BP ratio is determined as 11.5, which nearly matches the feed ratio of
87.5 mol %: 7 mol %. Unfortunately, the AAc composition cannot be accurately
determined due to the broadening from hydrogen bonding, thus we report only the
feed ratio of 5.5 mol %.

Figure 3.1. a) Chemical structure of the photo-crosslinkable PNIPAm copolymer.
b) Schematic of the PNIPAm/AuNP composite hydrogel. c) Absorption spectrum
of AuNPs (0.04 mg/mL in ethanol). d) Swelling ratios of pure PNIPAm copolymer
hydrogel and PNIPAm/AuNP (6 wt%) composite hydrogel as a function of
temperature.
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As discussed in Chapter 1, the main component in this copolymer, PNIPAm,
undergoes a dramatic reduction in volume upon heating the polymer in water to its
LCST, providing thermal responsiveness for this system. Following excitation by
UV light, the triplet state of a BP acts as a diradical, converting the BP group to a
ketyl radical and generating another aliphatic radical on the neighboring segment.
The

recombination

reaction

between

these

radicals

provide

efficient

crosslinking,[103][25] which renders this copolymer photocrosslinkable.
5-nm-diameter

AuNPs

coated

with

mercaptononanol

ligands

are

synthesized with the procedure from Zheng et al.[104] with slight modifications and
stored in ethanol until use. The mercaptononanol ligands provide colloidal stability
and eliminate large scale aggregation within the PNIPAm films, presumably due to
hydrogen bonding interactions with the polymer. The absorption spectrum of
AuNPs in solution measured with an UV-vis spectrophotometer (Hitachi, U-3010)
(Figure 3.1 (c)) shows that the AuNPs have an SPR peak around 520 nm.
A mixed solution of PNIPAm and AuNPs is used to prepare the
PNIPAm/AuNPs composite. The stock solution of AuNPs in ethanol is first dried
gently by nitrogen. Then, a solution of PNIPAm copolymer in 1-propanol is added
to redissolve dried AuNPs. This mixed solution is drop casted on silicon wafer (~1
cm x 1 cm) covered with Ca2+ crosslinked PAA as the sacrificial layer[46] (prepared
as described in Chapter 2). The solvent is slowly evaporated overnight at 69 °C in
a closed glass jar (0.13 oz, Freund Container). Once drop casted films of the
nanocomposite are crosslinked under UV light, the small network mesh size will
provide additional support in the prevention of significant leaching.[105] After 20 min
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exposure, the sample is immersed into an ethanol/water mixture (2:1, v/v) to
dissolve uncrosslinked regions. After swelling in water, the films still appear
magenta in color, suggesting that a considerable amount of AuNPs are trapped
within the network of the crosslinked PNIPAm, as shown in Figure 3.3(b).
To confirm that the PNIPAm/AuNP hydrogel maintains its temperature
responsiveness, we test the effect of temperature change on both pure PNIPAm
and composite gels. Free standing disks of hydrogel are prepared by
photopatterning the drop cast films on silicon wafer covered with PAA as the
sacrificial layer (prepared as described previously[46]) and releasing them from the
substrate.[52] Swelling ratios of PNIPAm and PNIPAm/AuNP composite gels are
measured at each temperature by comparing the area in the fully swelled state in
a PBS solution (pH 7.2, 1 mM NaCl) to the area in the as-crosslinked state. An
inverted optical microscope (Zeiss, Axiovert 200) and a digital heat stage (Zeiss
Tempcontrol 37-2) are used for measuring area measurement and controlling
temperature, respectively. The results (Figure 3.1(d)) indicate that even when
loaded with 6 wt% AuNPs, the composite gel shows similar temperature
responsiveness as the pure PNIPAm gel, with both deswelling in area by a factor
of 1.7 between room temperature and 45 °C.

3.3

Planar actuators

3.3.1 Fabrication methods
To convert the isotropic swelling/deswelling upon the irradiation of visible
light into bending motions, we propose the use of a planar bilayer structure as a
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bending hinge. It consists of a photoactive layer and also a passive layer which
confines the deformation of the active layer to one side.[106]

Figure 3.2. Schematic of actuator fabrication: first, a PAA sacrificial layer is spincoated on cleaned Si wafer as the sacrificial layer; then PNIPAm/AuNP composite
layer and NOA68 layers are drop casted and spin coated, respectively, and
patterned by photolithography sequentially.

As illustrated in Figure 3.2, we first spin coat and crosslink poly(acrylic acid)
(PAA) with Ca2+ on a pre-cleaned silicon wafer as a release layer,[69] and then drop
cast a mixture of PNIPAm and AuNPs in 1-propanol to provide the active layer.
The same maskless photolithography setup as the previous chapter is used to UV
crosslink PNIPAm. After 20 min exposure, the sample is immersed into an
ethanol/water mixture (2:1, v/v) to dissolve uncrosslinked regions. Norland Optical
Adhesive 68 (NOA 68), a photo curable adhesive, which has excellent
transmission for visible light, is chosen as the passive layer. NOA 68 is spin coated
on the substrate with patterned PNIPAm composite layer at a speed of 3000 rpm
for 60 s, so that the thickness of the NOA is slightly greater than that of the
PNIPAm/AuNP layer. A thinner layer of NOA (~ 4 – 24 µm) coats the top of the
PNIPAm/AuNP composite while a relatively thick layer (~20 – 30 µm) forms in the
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region without patterned PNIPAm. The patterning procedure is similar to that of
PNIPAm/AuNP layer, except the exposure time is reduced to 2 min and the solvent
for development is ethanol/acetone (5:1, v/v). A complete actuator is typically ~ 1
mm long x µm wide, with a ~ 100 µm x 80 µm actuating bilayer region in the center.
An optical microscopy image of this bilayer structure is shown in Figure 3.3.

Figure 3.3. An optical micrograph of a patterned microactuator of PNIPAm/AuNPs
and NOA 68: the two straight arms are patterned with NOA 68; the dark part in the
bending bilayer is PNIPAm/AuNPs and the bright part is NOA 68. (scale bar: 100
µm)

3.3.2 Thermal actuation
We first demonstrate the thermal actuation behaviors of such a bilayer
microactuator. When elevating the temperature of water bath with a hot plate, the
mismatch strain between the PNIPAm hydrogel and NOA layers is reduced due to
the deswelling of the active hydrogel, causing increases in the bending angle which
is defined as in Figure 3.4(a). As shown in Figure 3.4(b), the bending angle can be
adjusted between ~90° to ~170° by varying the water bath temperature between
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room temperature and 60 °C. The results of the thermal actuation measurement
can also provide references for estimating the temperature increase achieved by
the photothermal effect of gold nanoparticles in the following sections.

Figure 3.4. Thermal actuation behaviors of a bilayer microactuator: a) the
micrographs of the microactuator at different temperatures; and b) the changes of
bending angle with increase of temperature.

3.3.3 Free space light actuation
A diode pumped solid state (DPSS) laser (Laserglow, 278 mW) with a
wavelength of 532 nm is chosen as the controlling light source for photo actuation
experiments, as it is well-matched to the SPR peak of AuNPs in the composite
gels. We first test the responsiveness of the photoactuator under flood exposure.
A free space laser from the aperture of the laser head directly irradiates the
photoactuator which is held in a petri dish with buffer solution. (Figure 3.6(b)) A
micromanipulator (Burleigh, PCS-4100) and absorptive neutral density filters
(Thorlabs, anti-reflective coated for 350-700 nm) are used to control the laser
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position and intensity respectively. For measuring the change in bending angle of
actuators along with time, videos are taken with an upright optical microscope
(Zeiss, Axiotech Vario) and analyzed with Tracker (Open Source Physics). As
shown in Figure 3.5, four different points along the actuator, two on either arm, are
tracked at the same time. Then the bending angle value of each frame can be
calculated from the coordinates of the four points.

Figure 3.5. Angle measurement with Tracker

Once the actuator is irradiated, the active PNIPAm/AuNP hydrogel deswells
due to heating of the AuNPs, causing the angle between the two NOA arms to
increase. After turning off the laser, the actuator cools as heat is dissipated to the
surrounding buffer solution, causing the composite gel layer to reswell and restore
the actuator to its original bending angle (Figure 3.6(a)). In this way, a reversible
bending/unbending actuation by light is achieved. To study the actuator’s behavior
under different intensities of light, absorptive neutral density filters with different
optical densities (ODs) are mounted on the aperture of the laser head. Predictably,
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when we increase the intensity of irradiation, the long-term bending angle of the
actuator also increases as a result of higher local temperatures (Figure 3.6(c)).

Figure 3.6. a) Actuator response under direct laser illumination (scale bar: 200
µm): after the laser is turned on at 0 s, the angle of actuator increases, until the
laser is turned off at 63 s, causing the actuator to return to its original angle; b)
experimental setup for direct line-of-sight actuation with a laser source; c)
behaviors of actuators in response to different laser intensities; for each intensity,
the laser is turned on at 0 s and turned off at ~ 60 s.
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3.3.4 Waveguide actuation
Most previous studies on photo-actuators have relied on free space
illumination, in which a direct optical path between the light source and the actuator
is necessary. This restricts the use of photoactuators to relatively simple scenarios,
where it is straightforward to maintain consistent line-of-sight access during
actuation. In contrast, only a limited amount of work has focused on actuation using
guided light. Zinoviev and co-workers developed a gold-coated SiO2 optical
waveguide cantilever actuator,[107] while Otani and co-workers employed a plastic
optical fiber with a beveled end painted black to drive photothermal actuated
bending.[108][109] However, in all cases only small strains within the actuating
materials were possible, thus leading to limited bending angles, which are ~0.2
for SiO2 based and ~0.6 for plastic based actuators.
Here, we establish that the photoactuator does not only bends under flood
exposure from a free space laser but also in response to laser light waveguided
via the transparent NOA arm connected to the hydrogel composite. Benefitting
from the large strain that could be achieved in hydrogels, the potential largest
bending angle in our system should be able to prevail over previous researches
based on non-soft materials.
To couple the laser into the actuator, we use a FC terminated plastic optical
fiber (POF) patch cord of 500 µm diameter poly(methyl methacrylate) (PMMA) core
(Industrial Fiber Optics). A heating coil with a larger length and higher resistance
is made from Kanthal wire (Lightning Vapes) to replace the original one in the glass
pipette puller (Narishige PC-10). By increasing electrical resistance from 0.5 to 5
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Ω, we are able to adjust the heating temperature between the glass transition
temperature and decomposition temperature of PMMA by changing voltage
(Figure 3.7(c). With this custom-adapted glass pipette puller, the PMMA core in
the optical fiber is adapted from 500 µm down to ~ 80 µm to match the width of the
actuator.

Figure 3.7. a) Narishige PC-10 glass pipette puller: a PMMA fiber is passed
through the center of the heating coil and fixed with the two knobs above and below
the heating element. b) Comparison of the original heating coil for glass and the
new heating coil for plastic. c) Temperature versus voltage level calibration: the
blue circle roughly shows the range of temperature for PMMA fiber pulling.

The tip of this tapered POF is aligned with the NOA end of the micro actuator
using a micromanipulator under an optical microscope, and ~ 1µL of NOA68T is
applied to fix the connection, while the other end is connected to the DPSS laser
head via a fiber collimator. (Figure 3.8(a)) In this way, the laser is coupled into our
micro-scale bilayer actuator via a commercially available optical fiber and
successfully actuates its bending/unbending behavior. Because the diameter of
the tapered PMMA fiber tip needs to match the width of the actuator, it has to be
larger than the actuator’s thickness, which can be seen from a side view shown in
Figure 3.8(c). For this reason, a considerable proportion of light leaks out at the tip
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of the POF. However, scattering of green light could be observed at the end of the
actuator and at the boundary of the NOA 68 and the PNIPAm/AuNP, which is
evidence that a reasonable amount of light is guided into the NOA that then heats
the PNIPAm/AuNP active layer, and then finally exits from the other end of the
NOA.

Figure 3.8. a) Schematic illustration of guided laser actuation, with the inset
photograph showing the tapered optical fiber coupled to the actuator. b) Bending
angle change with time of three actuators with different thicknesses of the NOA68
and PNIPAm/AuNP composite layers. (The laser is turned on and off at 0 and ~
60 s, respectively.) c) Actuation with waveguided laser light; the laser is turned on
and off at 0 s and 5.5 s, respectively (scale bar: 200 µm).

By varying the thicknesses of NOA and PNIPAm/AuNP layers, we are able
to modulate bending curvature of the bilayer actuator. Figure 3.8(b) shows the
behavior of three waveguide actuators with different combinations of thicknesses.
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Their equilibrium bending angles at room temperature vary from 40 to 145,
demonstrating that the range of motion can be easily tuned using this design. As
a point of comparison, we estimate the bending angles predicted by the classical
Timoshenko solution,[106][110]
𝑅
ℎPNIPAm

1 + 4𝜂𝜉 + 6𝜂2 𝜉 + 4𝜂4 𝜉 + 𝜂4 𝜉 2
=
,
6𝜀m 𝜂𝜉(1 + 𝜂)

(3.1)

where R is the bending radius,  is the ratio of elastic modulus of NOA 68 to that
of PNIPAm,  is the ratio of NOA layer thickness (hNOA) to that of the PNIPAm
composite in the dry state (hNIPAm), and m is the mismatch strain between the two
layers. Assuming a modulus contrast between NOA 68 and PNIPAm of ~100
(moduli for PNIPAm and NOA 68 are in the scale of ~1 MPa [46] and 138 MPa
respectively) and a mismatch strain of 0.4, predicted bending angles are
determined as l/R, where l is the length of the bilayer region. The comparison of
predicted and actual bending angles is shown in Table 3.1. Given the large strains
involved, the likely expected deviation from linear elasticity, and the possibility of
gradients in crosslinking density through the PNIPAm layer thickness considering
the UV intensity gradient due to the strong absorption of UV light by Au NPs, we
make this comparison only to demonstrate that the observed bending angles are
of the expected order of magnitude based on classical bilayer bending mechanics

Table 3.1. Comparison of actual bending angles and calculated bending angles
from linear elasticity
hNOA/µm

hPNIPAm/µm

Calculated bending angle /

Actual bending angle /

4

23

55

39

65

12

24

138

87

24

10

175

145

We next test the behavior of a waveguide actuator under cycled illumination,
which is important in any practical application. An Arduino control board is used to
modulate the laser source for precise control of the on and off times. For symmetric
loading in which the laser on and off time are equal, the dynamic range of the
bending angle decreases from about 40° to 20° when the frequency of light
switching increases from 0.1 Hz (5 s on and 5 s off) to 0.5 Hz (1 s on and 1 s off)
(Figure 3.9). We keep the frequency constant (at 0.25 Hz) but vary the ratio of laser
on and off times from 1:1 to 1:9. Remarkably, over this range, there is a significant
shift in the lower and upper limits of the bending angle, but the difference between
the two limits remains nearly constant at 25°. We note that all of the cycling data
is from a single sample, which also shows that the actuator possesses good
durability, at least over several hundred cycles.
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Figure 3.9. Bending angles during a) cyclic waveguided actuation with frequencies
ranging from 1 – 0.1 Hz, and b) at a fixed frequency of 0.25 Hz and varying duty
cycles.
Micro photoactuators have various potential applications, such as micro
valves and micro grippers in microfluidics and MOMS (Micro-opto-mechanical
systems).[111][112] As a simple example, we demonstrate the use of a waveguiding
actuator as a micro-hook. As shown in the schematic of Figure 3.10, the laser is
first turned on to straighten the actuator until the end of the actuator is inserted into
the space under a small annular object. When the laser is turned off and the
actuator starts to bend, the annulus is lifted off of the substrate. Interestingly, when
loaded with the annulus, the actuator does not return to its original bending angle,
providing a means to estimate the torque that the micro actuator can provide.
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Based on an estimated gravitational force on the annulus of 6 nN and a lever arm
length of 400 µm, we find a torque of ~ 2 x 10-12 N•m, which results in an angular
displacement of ~ 20°. Since the light is directly coupled into the actuator through
a waveguide, there is no need to synchronize the movement of the micro-hook and
light source, making its operation far more convenient than an actuator controlled
by free space laser illumination.

Figure 3.10. a) Schematic and b) microscope images of the microhook experiment
(scale bar: 200 µm)

3.4

Swelling/deswelling kinetics of PNIPAm based photoactuators
As stated previously, PNIPAm and its copolymers have been intensively

studied and widely applied in fields like biotechnology[113], sensors[30] and also
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actuators[114]. It is evident that the swelling/deswelling kinetics of PNIPAm is crucial
for any practical applications in all the fields mentioned above. When we
investigated the response kinetics of our waveguiding actuator in the previous
section, both the swelling and deswelling curves are found to be biexponential with
larger magnitude responses (at least ~ 30°) having shorter characteristic times and
smaller magnitude responses (9-18°) having longer characteristic times. As shown
in Figure 3.11 and Table 3.2, varying the “on” time from 2 to 120 s, the
characteristic time for the fast decay process in deswelling τ1, is only 0.3 – 0.9 s.
For reswelling, τ1 is about an order of magnitude slower, ranging from 3 – 15 s.
The time constant for the slow process τ2 varies from 2 – 30 s in deswelling, and
25 – 400 s in reswelling. According to a typical diffusion constant of ~ 10 -11 m2 s-1
for PNIPAm gels in poro-elastic transport,[115] the timescale for swelling/deswelling
of a ~ 20 µm thick hydrogel layer should be on the order of 10 – 100 s, which is
not too far from the observed time-scales in deswelling. However, the considerably
slower reswelling process is not expected from the standpoint of diffusion. In
addition, Table 3.2 also shows that the time constants for the slow process in
reswelling seem to depend on the time that the material stays in the deswelled
state, or to what extent the material is allowed to deswell. These phenomena may
suggest some internal relaxation processes built up in the collapsed state are
significantly slower compared to the diffusion. The possibilities include the interand intra-molecular hydrogen bonds from NIPAm and/or AAc, the associations
between hydrophobic moieties, i.e. BP or its resulting photo products, or/and an
issue of glassy dynamics, which means as a PNIPAm gel deswells continually, its
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glass transition temperature might increase to a point that is close to the ambient
temperature.

Figure 3.11. Actuator responses for different exposure times: the bending angle
increases after the laser is turned on at 0 s, and subsequently decreases when the
laser is turned off after the specified time.

Table 3.2. Best-fit time constants and amplitudes for response of photoactuators
with different “on” times for waveguided laser light
Deswelling

Re-swelling

On
time

τ1 [s]

α1 [°]

τ 2 [s]

α2 [°]

τ1 [s]

α1 [°]

τ2 [s]

α2 [°]

2s

0.33±0.07

45±11

1.7±2.8

18±5

3.59±0.08

27.5±0.4

24.8±0.8

15.0±0.4

5s

0.32±0.02

41±1

1.9±0.2

18±1

5.77±0.04

38.4±0.2

90±3

9.1± 0.1

30 s

0.89±0.09

52±2

24± 31

9±5

10.1±0.1

42.7±0.2

213 ± 6

9.2± 0.1

60 s

0.70±0.03

47±1

20±2

10.3±0.4

15.2±0.3

37.9±0.3

311±11

15.3±0.2

120 s

0.78±0.03

47±1

31±2

10.7±0.3

13.7±0.2

42.1±0.3

378±13

13.9±0.2

It is worth mentioning that the slow kinetics also plagued other works from
our group using similar PNIPAm polymers in different scenarios. Chiappelli et al.
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noted that in a thermochromic photonic multilayer relying on the thermal
responsiveness of the PNIPAm layers, both of the swelling and deswelling were
found to be evidently slower than the timescale limited by the mass transport of
solvent.[30] Na et al. had similar findings in their work on micropatterned self-folding
origami with a trilayer of photocrosslinkable polymers, which include PNIPAm.[106]
Previous research[20][21] has shown that due to the absence of hydrogen
bond donors in the DEAM moieties, PDEAM does not exhibit a hysteresis in the
coil-to-globule-to-coil transition. This is a different to PNIPAm, which is capable of
forming inter- and intra- molecular hydrogen bonds because of the presence of an
-NH. To better understand the role of hydrogen bonding in the hysteresis between
deswelling and reswelling of our PNIPAm based photoactuators, we next study the
swelling/deswelling kinetics of PDEAm based hydrogel prepared by the same
chemistry, i.e. photocrosslinking of BP moieties. The changes in areal swelling
ratio of PDEAm hydrogels with different monomer compositions during swelling
and deswelling processes are compared. It is noticed that for a PDEAm hydrogel
with 7 mol% of BP and 3 mol% of AAc the reswelling process during cooling still
exhibits a double exponential behavior (Figure 3.12(b)), which is expected since NH in BP and -OH in AAc can also act as hydrogen bond donors. In contrast, for
a PDEAm hydrogel with a lower concentration of BP (2 mol%) and without AAc
(Figure 3.12(c)), no obvious double exponential behaviors are observed, which
supports our hypothesis that the two-stage kinetics shown in our photoactuators
originate from the inter- and intra-molecular hydrogen bonds.
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Figure 3.12. Swelling/deswelling kinetics of PDEAm based hydrogels: a)
temperature changes in water bath when setting the temperature stage to heat
from 20 to 60°C and cooling from 60 to 20 °C; b) the chemical structure of P(DEAmBP-AAc), and the areal swelling ratio of its hydrogel under cooling and heating; c)
the chemical structure of P(DEAm-BP), and the areal swelling ratio of its hydrogel
under cooling and heating

One should note that the temperature in this experiment is controlled by
heating or cooling the whole PBS bath with a temperature stage (Instec). As a
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result, the temperature change rate can be limited. According to the temperature
change profile measured with a thermal couple (Figure 3.12(a)), when the
temperature stage is set to heat and cool between 20 to 60 °C, it takes ~2 min to
reach

the

equilibrium

temperatures.

In

such

scenarios,

any

faster

swelling/deswelling behaviors are limited by the temperature change rates and
cannot be observed, which is very likely happening in the above experiment.

3.5

Cylindrical actuators

3.5.1 Overview
In the previous section, we have successfully demonstrated a photoactuator
with a bilayer comprised of a photo-active nanocomposite hydrogel and a photopassive material. Obviously, in such a planar actuator, there will be only two
possible directions for bending, either up or down. On the contrary, an actuator
with a round cross section may be capable of bending toward arbitrary directions.
To our knowledge, only a limited number of studies are focusing on the fabrication
of cylindrical actuators. Kim’s group[117] relied on the electric actuation of the
commercial available ionomer, Nafion. They deposited four platinum electrode
layers on the surface of a Nafion rod with a space of 90° between each electrode,
and then controlled the bending direction by combination of the voltages applied
on each electrode. As another example, Qu’s group [118] built an electric cylindrical
actuator system by electropolymerization of pyrrole on graphene fibers in an
asymmetric way. One step further, if multiple joints can be patterned on a single
fiber, a 1D material to a 3D object in a prescribed way, comparable to the concept
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of origami which starts from a 2D sheet and results in a determined 3D object. In
this regard, Qu’s group demonstrated some preliminary work.[119] With the help of
the laser-assisted reduction technique, a preformed graphene oxide fiber could be
converted to graphene in a selective region by the scanning of a laser beam. Since
graphene oxide underwent reversible expansion/contraction during adsorption and
desorption of water vapor, they successfully fabricated a moisture-sensitive
actuator with complex predefined deformations. Based on a trilayer structure with
rigid stripes sandwiching a thermally responsive hydrogel, our group [120] also
reported a concatenated multiple-helix structure where both of the block and
torsion angles between each helical segments could be precisely controlled,
providing a simple design strategy for fabricating 3D structures.
Here, based on previous research on the thermal responsiveness of
PNIPAm hydrogels and the light responsiveness of its nanocomposites, we
propose to build a cylindrical actuator driven by photothermal temperature change.
Similar to the planar bilayer actuator, the cylindrical actuator system consists of an
active material, which is the stimuli-responsive hydrogel, and a passive material
with appropriate properties. Specifically, a fiber with a specific diameter of the
passive material will be fabricated first. Then a droplet of pregel solution of the
stimuli-responsive hydrogel is deposited on the surface of fiber from a tapered
glass pipette tip. (Figure 3.13) After the gelation of the droplet under UV and
swollen in water, the fiber should be bended when the droplets swell and restore
when the droplet deswells. In this way, the stimuli responsiveness of the hydrogel
droplet can be utilized to drive the bending/unbending motion of the passive fiber.
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Also, with this method, it is straightforward to pattern multiple droplets of the pregel
solution on a single fiber to build actuators with multiple joints. In this case, the
position and direction of each bending joint can readily be decided by the lateral
position of the droplet along the fiber and the azimuthal angle around the fiber,
respectively, thus providing a platform of a more versatile actuator compared with
the planar actuator.

Figure 3.13. A schematic for depositing a droplet of pregel solution on a fiber using
a glass pipette

3.5.2 Materials
When a liquid drop of definite volume is placed on a thin fiber of definite
radius, its final conformation is determined by the contact angle. For a small
contact angle, a symmetric conformation with a barrel-like shape (Figure 3.14(b))
is preferred, but when the contact angle is sufficiently large, an asymmetrical
conformation with a clam-shell-like shape (Figure 3.14(a)) results. In the case
gravity is negligible, the critical contact angle for roll-up, the transition from a barrel
shape to a clam-shell shape, which increases with the volume of droplet, and has
been given by Carroll[121][122] as shown in Figure 3.14(c). This suggests that the
volume of the deposited droplet and the contact angle between the pregel solution
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and the fiber need to be controlled so that the droplet will be stably pinned on one
side of the fiber asymmetrically. The effect of gravity can be ignored when the size
of drop is obviously smaller compared with the capillary length of the solution. For
most common solvents, the capillary lengths are in scale of mm, like 2.7 mm for
water, 1.7 mm for ethanol and 2.0 mm for DMSO, which are above the scale that
we are targeting.

Figure 3.14. Two principal conformations of a liquid drop on a cylindrical fiber: a)
clam-shell-like shape; b) barrel-like shape; c) critical values of the drop size for
given contact angles for the transition from a barrel shape to a clam-shell shape;
n is the ratio of the drop median radius out of the fiber and the drop and the fiber
radius, and θ is the contact angle between drop and fiber. (adapted from ref [121][122]
with permission)

We next consider a rough range for the moduli of the passive and the active
material needed to maximize the bending curvature that could be potentially
achieved, based on an over-simplification to the classical bilayer problem. In the
case that the size of the drop is similar to the diameter of the fiber, we consider the
actual hinge, a drop with clam-shell shape and the section of fiber that directly
contacts the drop, as a bilayer with rectangular cross-section. According to the
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Timoshenko’s solution[106][110], If we fix the mismatch strain εm, the thickness
contrast between the two layers η, while varying the modulus contrast ξ, bending
curvature reaches its maximal value when
ξ2 =

1
.
𝜂

(3.2)

In this work, the active material is still the PNIPAm copolymer with
benzophenone pendent groups used in the previously discussed planar actuators,
considering the reaction of benzophenone could provide extra adhesion between
fibers and PNIPAm hydrogel droplets through chemical bonds. This could be
critical since good physical adhesion can be incompatible with the required contact
angle during the deposition of droplets. As the choice of the passive material, we
switch from NOA in the previous section to Sylgard 184, a commercial available
polydimethylsiloxane (PDMS) elastomer for several reasons. First, the low surface
tension of PDMS helps to achieve an acceptable contact angle between the droplet
and fiber. Contact angles of water and DMSO on both Sylgard 184 and NOA 68
are measured and listed in Table 3.3. Second, with Sylgard 184, it is
straightforward to tune the Young’s modulus over a relatively large range, by
simply varying the ratio of base to curing agent.[123] As the elastic modulus of a
similar PNIPAm copolymer has been reported to be 0.8 MPa,[124] we can roughly
estimate the modulus of PDMS fiber needed to optimize the achievable bending
curvature. Lastly, as a very common soft material used for waveguides [125][126][127],
PDMS has an excellent transmission in a large range of wavelength, which could
be crucial for the future work in light actuation especially actuation by waveguided
light.
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Table 3.3. Contact angles (advancing/receding) of different solvents on NOA 68
and Sylgard 184 respectively
water

DMSO

NOA 68

61°/36°

17°/16°

Sylgard 184

116°/101°

70°/58°

3.5.3 Fabrication methods and results
To fabricate PDMS fibers that are as thin as around 100 µm, we modify the
methods from previous papers[128][129]. The base and curing agent of Sylgard 184
are mixed at the ratio of 25:1 by vigorous stirring. Bubbles generated in stirring are
eliminated by sonicating for 15 min and then placing under vacuum for 10 min.
After 1.5 h of heating in a 40 °C convection oven and 4-5 h in room temperature,
an appropriate amount of PDMS is caught with a plastic stick from the partially
cured PDMS pool. A fiber is drawn when slowly pulling the stick out. (Figure
3.15(a)) The PDMS is partially cured so its relaxation time is long enough that the
Plateau-Rayleigh instability does not occur to break the fiber. The diameter of fiber
can be further controlled by stretching/relaxing slowly. Finally, the two ends of the
fiber are fixed and then transferred to a 75 °C convection oven for full curing. A
fabricated fiber with highly smooth surface is shown in Figure 3.15(b). PDMS fibers
with different base:curing agent ratios and moduli can also be fabricated by the
same method through slight modifications to the pre-cure condition. For instance,
to fabricate PDMS fibers with a base:curing agent ratio of 15:1, the PDMS is
partially cured at 40 °C for 1 h and room temperature for 7-8 h before the fiber
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drawing step. However, the trials of PDMS fibers with a higher base:curing agent
ratio of 30:1 are not successful, presumably due to the narrow gelation window.

Figure 3.15. a) Schematic for fiber drawing process: a plastic stick is immersed
into partially cured PDMS pool and then draws a fiber from it (adapted from ref [128]
with permission); b) a PDMS fiber fabricated from the fiber drawing method (scale
bar: 200 µm)

For precise control of the depositing position on both longitudinal and
azimuthal directions, we build a setup shown as in Figure 3.16(a). A glass capillary
tube is tapered into a micro pipette with a tip diameter thinner than 100 µm with a
pipette puller (Narishige PC-10), and then connected to a microsyringe to dispense
pregel solution (20 wt% in DMSO) as nL-scale droplets. The syringe and fiber are
mounted on a micromanipulator and between two rotational stages respectively.
With this setup, it is straightforward to pattern multiple droplets of the pregel
solution on a single fiber in a controllable way to build actuators with multiple joints.
Figure 3.16(c) demonstrates three droplets at different positions and azimuthal
angles on a single PDMS fiber. After drying out DMSO in N2 flow for overnight, the
PNIPAm copolymer is crosslinked under a desk top UV lamp for 1 h. However, the
initial swelling of the crosslinked PNIPAm appears to be slow in kinetics. No
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obvious bending is observed after 1 day immersed in Millipore water. To accelerate
the initial swelling, we let the actuator swell in an ethanol:water (1:2) mixture first
and then transferred to pure water for the following tests. After UV exposure, we
immerse the fiber with PNIPAm droplet in water and find the fiber does bend toward
different directions decided by the droplet position. (Figure 3.16(c)) We also
establish that the benzophenone photochemistry can be conducted with the
presence of DMSO as solvent in an inert atmosphere. Cylindrical actuators are
also prepared by crosslinking the PNIPAm pregel solution in a semi-dried state,
which allows a faster initial swelling in pure water directly. In this case, the fiber is
transferred to a glove bag after droplet deposition, purged with N 2 for 15 min and
then exposed under a handheld UV lamp in N2 atmosphere for 2 h.

Figure 3.16. a) a schematic of the droplet deposition set-up; (b) a glass pipette
which is delivering a droplet to fiber surface; c) a PDMS fiber with three droplets
on its top, right and left side respectively and then bended toward different
directions when gel droplets swell in water
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Similar to the planar actuator in which the range of bending angle can be
tuned by varying thickness ratio of the bilayer structure, the bending angle in such
a cylindrical actuator can also be altered with pregel solution droplets of different
volumes. As shown in Figure 3.17(a) and (b), for a fixed fiber thickness, the
bending angle increases with the volume of the droplet but reaches a maximal
value of 18° with a 20 nL droplet. By changing the water bath temperature with
adding iced or hot water, we finally test the thermal actuation behavior of the
cylindrical actuator. Under a temperature cycle between room temperature and
50 °C, the fiber undergoes a reversible bending/unbending actuation as our
expectation. A slower kinetics is observed in the cylindrical actuator compared with
the planar actuator discussed in the previous sections, which is reasonable
considering that the dimension of droplet is greater than the thickness of PNIPAm
layer in a planar actuator and the deswelling/reswelling process is diffusion-limited.

Figure 3.17. a) fibers bended with droplets of different volumes at room
temperature; b) the bending angle of the cylindrical actuator with different volumes
of pregel solution droplets; c) the changes in bending angle with time when water
bath temperature increases from 17 °C to 50 °C by adding hot water.
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3.6

Conclusion and future work
In summary, we have developed a planar micropatterned photoactuator

with a temperature responsive PNIPAm hydrogel loaded with Au nanoparticles as
the active layer and an optical adhesive as the passive layer. This bilayer structure
shows rapid and reversible light-controlled actuation with significant response on
time-scales of ~ 1 s. Distinguished from previously reported methods relying on
flood exposure or direct laser illumination, the controlling source in our experiments,
a 532 nm laser, is guided through a plastic optical fiber directly connected to the
photoactuator.

This provides remote control of the microactuator with the

possibility of use in an optically dense medium where line-of-sight access is not
possible.
Then, based on the previous research on the responsiveness of PNIPAm
hydrogels and the planar actuators, we build a cylindrical actuator which allows
bending in an arbitrary direction. Similar to the planar bilayer actuator, the
cylindrical actuator system consists of a PNIPAm hydrogel as the active material
and a PDMS elastomer as the passive material. A droplet of photocrosslinkable
PNIPAm pregel solution is deposited on the surface of a PDMS fiber by a
microsyringe. After the PNIPAm droplet being crosslinked and swollen in water,
the fiber would bend toward the direction decided by the droplet position. In this
design, one can easily pattern multiple joints on a single actuator, which can be
essential for realizing sophisticated actions like human’s hands[130]. However, we
do notice that only a very limited range of bending angle can be achieved in this
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method, which greatly limits the potential application of such cylindrical actuators.
Considering that the effective thickness ratio of the active and passive layers is
always restricted in such droplet-on-fiber configurations, further optimization in the
material properties, like moduli and maximal mismatch strain, need to be done.
In this work, only thermal actuation is demonstrated with the cylindrical
actuator, but it is straightforward to extend the idea of waveguide actuation from
the planar actuator to the cylindrical actuator by depositing droplets of pregel
solution including AuNPs. In planar actuators, a considerable amount of light leaks
out due to the mismatch of cross-sections between the tapered PMMA optical
fibers and the photo-patterned layered actuators, while this problem can easily be
alleviated with matched diameters of the PMMA and PDMS fibers in cylindrical
actuators.
Besides, the geometry of the cylindrical actuator provides the possibility of
multiple-generation waveguide actuation, although more thoughts about the
amount of light that will leak and heat the hydrogel at each joint are needed. The
leak of light is caused by at least the following reasons. The first thing is the
elevated refractive index of PNIPAm hydrogel, which is should between that of
PNIPAm (~1.5[30]) and water(~1.33), compared with that of pure water, especially
considering that the refractive index of PDMS is only around 1.4, very close to that
of the hydrogel. Second, the bending itself can also lead to considerable amount
of light leaking when the changed geometry does not satisfy the critical angle of
total internal reflection. Last but not least, due to the existence of the evanescent
fields, Au nanoparticles near the boundary between PDMS and hydrogel will
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always absorb light and heat hydrogel even ignoring the light leaking from other
reasons.
Beyond the multiple-generation waveguide actuation, one can also realize
the individual control of each joint on a same fiber actuator by utilizing different
wavelengths of light. For examples, relying on approaches like Bragg gratings to
locally increase light intensity of light with a specific wavelength, or simply
embossing grating on the surface of PDMS fiber to out-couple guided light in a
wavelength dependent way.[125]
One thing that we would like to note is the dimension of the hydrogel-based
actuators. Both planar and cylindrical actuators in our work are fabricated in
micron-scale. Such small-scale soft actuators can be particularly interesting in
applications like cell scaffolds[131] and drug delivery[132]. However, applying the
same material system in the fabrication of a macroscopic actuator needs more
cautions. The deformation rate of a hydrogel-based actuator is always restricted
by the diffusion limit of water, and the characteristic diffusion time grows squarely
with the increase of diffusion length[115]. Further modification of the hydrogel, like
creating a porous structure[133], is necessary to build larger hydrogel actuators with
plausible kinetics.

* This work is partially reproduced in Volume 26, Issue 30 of Advanced
Functional Materials, DOI: 10.1002/adfm.201601569.
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CHAPTER 4
CONCLUSIONS

Since the first observation of large and reversible volume changes of a
hydrogel by Kuhn et al.[134], the unique swelling induced deformation of hydrogels
have been utilized as a potent platform to study soft matter mechanics and applied
in various fields. However, manufacturing of hydrogels with desired 3D shapes has
been heavily relying on conventional methods like molding. On the other hand, the
recent studies on inhomogeneous growth induced 2D to 3D shape deformation
have provided a novel prospect to the manufacturing of 3D shapes. This thesis
aims to achieve a better understanding of such 3D shape deformation in thermally
responsive hydrogels, and the potential applications by utilizing the thermal
actuation behavior are also explored.
In Chapter 2, relying on the crosslinking via benzophenone photochemistry,
differential swelling is inscribed in polymer thin films with local exposure doses.
Under the guidance of differential geometry, we successfully program 3D shape
morphing of PDEAm-based hydrogel sheets. Prescriptions of Gaussian and mean
curvatures are established through the patterning of in-plane inhomogeneous
swelling using a grayscale photolithography and the introduction of out-of-plane
inhomogeneous swelling from the absorption of light, respectively. Moreover, the
simultaneous control of mean and Gaussian curvatures is demonstrated in the
example of double sinusoidal surfaces, in which the buckling direction of each local
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maxima in swelling is programmed by modest swelling gradients through the
thickness, successfully solving the issues in programming of isometric shapes.
This present experimental strategy, in turn, can serve as a convenient
system to attest to newly developed theoretical works in this emerging field. In
section 2.3.3, we briefly discuss an example of patterning spherical shells with low
distortion swelling. The experiment results well agree with the prediction that the
addition of more boundaries in a swelling metric can effectively reduce the required
swelling ratio range from the material.
The large and reversible swelling induced deformation, as well as their
stimuli-responsiveness renders hydrogels excellent candidates for actuation
applications. In the next chapter, we emphasize the actuation behavior of a
PNIPAm-based thermally responsive hydrogel. The incorporation of gold
nanoparticles within the PNIPAm hydrogels provides a simple means to define
photothermally addressable materials. In addition to thermal actuation, we
establish that micro-sized bilayer photoactuators fabricated by photolithography
demonstrate rapid and highly reversible bending and unbending behavior in
response to illumination with both free space and waveguided light, while the latter
provides remotely controllable actuation that does not require line-of-sight access.
Furthermore, built on the work of planar actuators, we propose a cylindrical
actuator based on a similar bilayer approach but using a distinct fabrication method
in Section 3.5. An actuator that possesses multiple joints and the capability of
arbitrary direction bending is created by depositing PNIPAm pregel solution
droplets on a PDMS fiber. As the analogue of 2D to 3D shape morphing in the
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planar actuator built by photolithography, this cylindrical actuator specifies a route
for shape deformation from 1D to 3D, although the optimization of material system
is still challenging.
While the specific future directions related to each part of our work have
been included in detail at the end of each chapter, we would like to comment on
the general potential direction of these stimuli-responsive hydrogels. No material
in a real world can be omnipotent. Despite all the discussed merits of thermally
responsive hydrogels, the limitations of such hydrogel-based material system
should also be realized. First, the kinetics of the swelling induced deformation is
restricted by the diffusion limit of water molecules during the swelling/deswelling
process, which can be an obstacle in applications like actuators and sensors. Thus,
miniaturized devices could be a promising future direction for hydrogel-based
systems. Next, when performed as actuators or similar functions, the force or
torque that could be delivered by a hydrogel system can be limited due to the low
moduli. For example, the torque that provided by the waveguiding actuator
demonstrated in Chapter 3 is in the scale of 10 -12 N•m. Accordingly, hydrogel
actuators would be more suitable for delicate purposes like biomedical applications,
especially

considering

its

inherent

bio-compatibilities.

Furthermore,

the

combination of hydrogels and other functional materials can lead to additional
interesting systems. For example, in Chapter 3, we have demonstrated such
combination between photothermal effects from Au nanoparticles and thermally
responsive hydrogels. Similarly, one might be able to achieve remotely controllable
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soft robots, if hydrogels with 3D shapes designed using the principles from Chapter
2 can be compounded with magnetic components.
Last but not least, while this thesis mainly focuses on the swelling induced
deformation of thermally responsive hydrogels, the fundamental of such
programmed shape deformation can be universal between hydrogels and other
shape morphing materials, such as liquid crystal elastomers and shape memory
metals/polymers. The motivation of our work is never restricted within the hydrogelbased systems. I hope our work present in this thesis can inspire both theoretical
and experimental investigations in the fields of shape programming and actuation
in a broader context.
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APPENDIX
SAMPLE MATLAB CODES FOR DOUBLE-SIDED LITHOGROPHY

In this appendix, we present a sample MATLAB code which allows us to
conduct a true prescription of both mean and Gaussian curvature simultaneously.
In the first part, the calibration data of both swelling ratio and mean curvature by
patterning PDEAm gel disks with uniform UV irradiation from both sides of
photocrosslinkable films (Figure 2.19(b) and (c)) is imported and fitted into smooth
surfaces respectively. In the second part, we calculate the matrices of swelling
ratio

and

mean

curvature

using

a

double

sinusoidal

surface

(H(x,y)=sin(πx/10)*sin(πy/10)) as the target shape. In the next part, for the specific
value of mean curvature or swelling ratio of every point, we find a contour line on
its corresponding calibration surface, and the front and back exposure time needed
for that point is calculated from the intersection of the two contour lines from
swelling ratio and mean curvature calibration surfaces. Finally, after obtaining the
matrices for front and back exposure time, we employ the same strategy for
grayscale lithography to generate the sequences of masks for both front and back
exposure.
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