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ABSTRACT
POLYMERIC IMPULSIVE ACTUATION MECHANISMS:

DEVELOPMENT, CHARACTERIZATION, AND MODELING

SEPTEMBER 2019
YONGIJIN KIM, B.S., SEOUL NATIONAL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Alfred J. Crosby, Ryan C. Hayward and Christian D. Santangelo

Recent advances in the field of biomedical and life-sciences are increasingly
demanding more life-like actuation with higher degrees of freedom in motion at small
scales. Many researchers have developed various solutions to satisfy these emerging
requirements. In many cases, new solutions are made possible with the development of
novel polymeric actuators. Advances in polymeric actuation not only addressed problems
concerning low degree of freedom in motion, large system size, and bio-incompatibility
associated with conventional actuators, but also led to the discovery of novel
applications, which were previously unattainable with conventional engineered systems.

This dissertation focuses on developing novel actuation mechanisms for soft
polymeric gel systems with easily adjustable mechanochemical properties and
applicability to various environmental conditions. Inspired by stunning examples in

nature which exhibit extremely fast motion in a repeatable manner, termed impulsive

vii



motion, we have developed polymeric gel actuators applicable for small-scale, self-
contained impulsive systems.

In particular, we focused on the effect of geometry and the mechanics of surface-
mediated stresses on the dynamic shape-change of polymer gel actuators. We found new
opportunities from observation of transient deformations which occur during swelling, or
deswelling, of asymmetric gels. We described the development of time-dependent three-
dimensional deformation mechanism (4D fabrication) by the utilization of transient
inhomogeneous swelling state of the asymmetric polymer gel. We discussed the
mechanism and the application of the new deformations mechanism for the development
of a novel functionality: chemical gradient sensor.

In addition, we developed a high-rate and large-strain reversible actuation
mechanism for sub-micrometer scale polymeric gel actuators by utilizing balanced effects
of two surface-mediated phenomena, surface diffusion and interfacial-tension, and
elasticity of soft and small-scale hydrogels.

These new findings were harnessed for developing autonomously controlled
power amplified polymeric gel devices. Utilizing deswelling induced transient
deformation of gel, we developed design principles for generating meta-stable structures
and inducing self-regulating transition forces for repeated snap-through buckling
transition of polymeric gel devices.

In parallel, we deconvoluted the effect of material properties and geometry on
dynamic deformations by establishing simulation models and conducting analyses on the
performances of actual synthetic systems. The systematic approach will serve to broaden

the application spectrum and manufacturing possibilities of polymeric actuator systems.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and overview

Actuators are devices that can convert energy to mechanical work [1, 2].
Conventionally, engineered actuators have been made of inorganic materials (mostly,
metals and ceramics) adopting various drive mechanisms, including electromagnetic
(motor), electrostatic (comb-drive actuator [3]), piezoelectric (piezo-actuator [4]),
crystallographic movement (shape-memory alloy [5]), or pneumatic (hydraulic
cylinders). These actuators exhibit advantages in structural robustness, precision, and
responsiveness. On the other hand, due to the nature of inorganic materials and the drive
mechanism, such actuators are rigid, heavy and limited in degrees of freedom of
movement.

Recent advances in the field of biomedical sciences and life-sciences, meanwhile,
are increasingly demanding more life-like actuation with higher degrees of freedom in
motion at small scales [6]. Many researchers have developed various solutions to satisfy
emerging requirements. In many cases, the new solutions were made possible with the
development of novel polymeric actuators [7-9]. The advances not only tackled problems
of inorganic actuators but also led to the discovery of novel applications, which were
unavailable with the conventional engineered systems.

Various novel applications that could benefit from the development of polymeric
actuation systems are presented in Figure 1.1 Harnessing soft and transparent
characteristics of hydrogels, pneumatic actuation of hydrogel grips could minimize the

damage and stress while manipulating a live aquatic animal [7]. Increased degrees of



freedom of the movements and the biocompatible nature of soft actuators could bring the
reduction of invasive procedures [8]. Moreover, advances in actuation systems opened up
more opportunities to unravel secrets of nature. For examples, soft robotic fish,
developed by Katzschmann and coworkers, provided more information on aquatic

animals by approaching them closely without attracting attention [9].

Examples of novel aspects of polymeric actuators are:
e Wide ranges of mechanical properties (modulus: 1 kPa ~ 10 GPa)
e Biocompatibility and biodegradability
e Ease of processing (i.e., 3D printing, molding)
e Unique properties (i.e., transparency, chemical affinity to solvent, stimuli

responsiveness)

For these reasons, endeavoring for the development of novel actuation mechanism
and new fabrication strategies is critical for the advance of technologies, which will
contribute to the enhancement quality of life and the harmonious coexistence of human

and nature.

(a) T=0sec

Hydraulic Hydrogel
actuation '™  gripper

(b)

Captured

(g S &
e
D), i BT =
Lt I o
yo
—

Goldfish ~

Figure 0.1. Images of soft robots demonstrating their functionality. (a) Hydraulic
transparent hydrogel gripper. Reprinted with permission from ref [7]. (b) Soft endoscopic
robot. Reprinted with permission from ref [8]. (¢) Soft robotic fish. Reprinted with
permission from ref [9].



1.2 Thesis organization

Among the many polymeric actuation systems, we have chosen to study
polymeric gel systems due to the advantages of easily adjustable mechanochemical
properties and applicability to various environmental conditions. Moreover, knowledge
acquired from gel-based actuation system can be adapted to other volume-change-
induced actuation mechanisms (i.e., heat expansion, pneumatic system).

We have found new opportunities from transient deformations occurring during
swelling or deswelling of gel and the interfacial tension change of a specific material for
generating active deformation in mesoscale. These new findings were harnessed for
overcoming current limitations in the swelling induced actuation systems concerning
slow dynamics and size scale. Furthermore, we demonstrated new functionality such as
autonomous controls to polymeric actuator systems based on the nature of transient
deformations.

In parallel, we deconvoluted the effect of material properties and geometries on
the dynamic deformations by establishing simulation models and conducting analyses on
the performances of actual systems. The systematic approach will serve to broaden
application spectrum and manufacturing possibilities of polymeric actuator systems.

This thesis is organized into an introduction, three experimental sections, and a
concluding section. The first chapter provides a background review of polymeric
actuation systems focusing on the possibilities and challenges of swelling induced
actuation. It will cover:

e Hydration induced shape morphing mechanism in plant systems and

equivalents in engineered systems



e Thermodynamics and diffusion dynamics in the solvent swelling
phenomena of polymer gels
e Previous approaches for tackling limitations in kinetic performances of

gel-based actuators

In the second section, we describe the development of time-dependent three-
dimensional deformation mechanism (4D fabrication) by the utilization of transient
inhomogeneous swelling state of the asymmetric polymer gel. In this chapter, we discuss:

¢ A new global deformation mechanism (non-zero Gaussian curvature and
mean curvature) based on the transient swelling inhomogeneity of
polymer gels with asymmetric geometries under a homogeneous swelling
condition

e Experimental details for the deconvolution of the effect of material
properties and geometries on the dynamics and the extent of deformations

e Discussion on the application of the new deformation mechanism for the

development of a novel functionality: chemical gradient sensor

In the third section, we deal the development of high-rate and large-strain
reversible actuation of sub-micrometer scale polymer gel. In this chapter, we discuss:
e A new deformation mechanism based on the balanced effects of two
surface-mediated phenomena (surface tension and surface diffusion) and

elasticity on the control of shape transformation of a compliant object



e Application of the micro-assembly technique established in the Crosby
group to generate reversible deformation of compliant (low modulus or
thin) object adapting the two surface-mediated phenomena. Experimental
details on estimating solid-liquid interfacial tension of stimuli-responsive
hydrogels

e Discussions on the effect of material properties, geometries, and the

dynamical environmental condition on the kinetics of mesoscale actuator

In the fourth section, we explain how autonomously controlled power amplified
polymer gel devices were developed based on deswelling induced transient deformation
mechanism. In this chapter, we discuss:

e Introduction of the new autonomous control mechanism for generating
meta-stable structures and inducing self-regulating transition forces for
repeated snap-through buckling transition of polymer gel devices.

e Experimental details for the understanding of design principles for an
autonomous motion and the dependence of the kinetic performances on
the material properties and geometries

e Discussion on the tunable kinetic performance of autonomous snap

jumping shells

1.3 Shape morphing mechanism in natural and synthetic systems
Despite the absence of active muscle-contraction mechanism, botanical systems

have evolved simple yet effective ways of generating motions (or deformations) in their



stems, leaves, or flowers by harnessing hydration induced volume change of porous
matrices. Shape morphing phenomena of plant systems are astonishingly diverse
regarding the diversity of shapes, as well as the kinetic performances. For example,
morphogenesis in growing tissues such as climbing stems of bines and vines happens
over hours or days in helical conformation [10]. On the contrary, explosive seed dispersal
of Cardamine hirsuta [11], or snap closing of Venus flytrap [12], can be finished within
milliseconds through a sophisticatedly selected shape morphing process.

Inspired by the various examples observed in nature, intensive studies have been
conducted with the purpose of 1) enabling complex deformations in a predictable
manner, 2) understanding the thermodynamics of the swelling induced deformation, and

3) mimicking the extraordinary kinetic performances of certain bio-organisms.

1.3.1 Multi-component composites for prescribed three-dimensional deformation

Studies on how plant systems can exhibit dynamic morphological change revealed
that the inhomogeneous generation of turgor pressure causes the deformation of initial
geometries [13, 14]. Where turgor refers a pressure exerted by plasma membrane on a
rigid cell wall of plants. Turgor increases as a cell become more hydrated and vice versa
[10]. The inhomogeneity was imposed by the anisotropic distributions of cellulose fibrils
in cell walls (Figure 1.2) that have been prescribed in their gene or evolved later in

response to the environmental conditions [13].
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Figure 0.2 Hydration induced deformation of the pine cone and the hierarchical
alignment of reinforcing fibers. Reprinted with permission from ref [15].

Inspired by the analogy between the turgor pressure and swelling pressure (stress
arose by swelling of confined gel), many types of engineering principles were developed
such as self-shaping bilayer composites [16] and four-dimensional printing [17]. The
efficacy of these methods relies on the anisotropy between the transversal swelling
(direction perpendicular to the aligned fiber reinforcements) and longitudinal swelling
(direction parallel to the aligned fiber reinforcements) of fiber filled hydrogel [17]. The
degree of anisotropy could be controlled by altering the degree of alignment and contents
of fibrous fillers. In Figure 1.3, various deformations including the generation of intrinsic
curvature (Gaussian curvature K = x; - k), extrinsic curvature (mean curvature H = (k; +
x2)/2), and even more complicated, ruffled structures and helicoidal structures were
demonstrated. The control of different deformation was possible due to the inscribing of
the spatial distribution of fiber alignments.

These design principles, however, are practically limited in the engineering of
microscale systems (the importance of small system-size is discussed in 1.4) due to the

resolution limits in the current manufacturing techniques. The low time-efficiency is also



one of the demerits of the fabrication method, imposed by the nature of additive-

manufacturing (or bottom-up) process.

Figure 0.3 Swelling induced deformation of the 3D printed hydrogel. Reprinted with
permission from ref [17].

1.3.2 Inhomogeneous distributions of swelling strain

Harnessing buckling instability, many fabrication techniques applicable to the
formation of microscale gel actuators have been developed. Buckling instability (a
transition from in-plane stretch to out-of-plane bending) occurs preferentially in thin
objects because of the different scaling dependences of the elastic energy (Ue) of a
deformed structure on the thickness (Ustrerch ~ b, Usending ~ h°, where h is thickness) [18].

Typically, the buckling instability is introduced by imposing external confinements on



slender elastic objects [19]. Whereas, for the formation of free-standing gels, internal
swelling strain mismatch is utilized for the generation buckling stresses [20].

Many scientists aim to develop effective fabrication methods to gain precise
control over the internal swelling strain distribution of hydrogels, including Sharon and
co-workers who utilized flow cells to generate an azimuthal gradient in the polymer
composition [21]. Recently, a more effective method was demonstrated by the Hayward
group. They utilized photo-patterning for the inscribing of the in-plane crosslinking
density “patterns” on solid-state-curable polymers with high spatial resolution. Through
the approach, programming of various non-Euclidean metric (Figure 1.4) was enabled in

a single-step including buckling [22, 23] and even creasing [24].

B ! C D

300 pm
Figure 0.4 Swelling-induced deformation of photo-patterned ‘metric’ gels. Reprinted
with permission from ref [22].

1.4 Thermodynamics of swelling of crosslinked polymer networks

In the fabrication method mentioned above, the programmed deformation of a gel
was introduced by altering equilibrium swelling ratio (defined as the mass of the
absorbed solvent divided by the mass of dried polymer) of a gel locally by applying
chemical modifications (i.e., crosslinking density, material composition change). To
understand the role of the chemical modification or the addition of rigid fillers on the

equilibrium swelling ratio, understanding of the thermodynamics is required.



Flory and Rehner [25] first presented theoretical interpretations of the phenomena
through the studies on the solvent absorption phenomena of vulcanized rubber. They
developed a model that describes isotropic volume expansion of crosslinked polymer
networks under the assumption that the free energy of swelling is determined by the
combination of the elastic energy (F,;) and the mixing energy (F,,;,) contribution. The
elastic free energy was approximated to the entropic effect of the conformational change
of the network. The contribution of the energy of mixing was assumed to be determined
by the enthalpic and entropic contributions. The relations were rewritten by Hu and

coworkers as [26]:

NkgT
F, = 2B 2422 + 22 =3 = 2In(A,4515)] (1.1)
Foo = kT - [Cln(l4—) + X (1.2)

Where N is the effective number of polymer chains in the gel per unit volume of
the dry polymer, Ai is the stretch in the principal direction, Q is the volume of solvent
molecule, C is the concentration of solvent, kg is the Boltzmann constant, and y is the
dimensionless parameter known as the Flory-Huggins interaction parameter accounts the
enthalpic contribution of mixing.

This relation can be further developed to relate experimentally achievable
materials properties (4, (isotropic equilibrium swelling strain), G (shear modulus), v
(Poisson’s ratio)) with a structural parameter (N) and a thermodynamic parameter () in
the assumption of infinitesimal changes near the vicinity of equilibrium swelling state

(linear theory).
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With this approach, not only information on the equilibrium states but also the
dynamics of the swelling process are predictable. Under the assumption of
incompressibility of polymer chains and solvent molecules, the concentration of solvent
can be related to the stretching of the network (2C = 2;4,4; — 1 = A3 — 1). Adopting a
diffusion model (Darcy’s law), the flux of solvent is then related to the migration of
solvent driven by the chemical potential gradient. Finally, the concentration change is
obtained as linear diffusion equations (Eq. 1.6 — 1.8) regarding a solvent concentration
and an effective poroelastic diffusion coefficient, where M, is mobility, k is the

permeability of the polymer network, and 7 is the viscosity of the solvent.

ac . d%C e
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1—-2v
k

The theory of linear poroelasticity, originally developed by Biot [27], has been

widely utilized to delineate the mechanical and transport properties of polymer gels in

11



combination with experimental results [26, 28, 29]. However, the linear theory is limited
to small deformation near the equilibrium state [30]. To overcome the limitation, Hong
and co-workers developed a finite element model (FEM) on the basis of non-linear theory

by Gibbs [31], by mapping the reference frame X; to the current frame x; [32, 33].

1.5 Overcoming of slow dynamics of hydrogel-based actuators

In both theoretical approaches, the dynamics of a swelling gel was assumed to
follow diffusion equations. Therefore, the characteristic time for the swelling-induced
deformation scales inversely with the poroelastic diffusion coefficient (D) of solvent in
the network, and quadratically with the diffusion length (d ~ 1/2 of the thickness (h)) of

the network. The characteristic time is referred to as the poroelastic time (T, =

(h/2)?/D) [34]. This trend also corresponds to the scaling found in plants and fungal
systems [35]. Using the poroelastic diffusion coefficient of water (D = 1.5 x 10! m?s™)
obtained by Yoon and coworkers [28], the time required for the swelling of a millimeter-
thick hydrogel is expected to be in the range of hours or days. Unless slow actuation
speed is required, improvement in the actuation speed is necessary for wider practical
usage.

Two representative strategies for improving the energy release rate are introduced
in Figure 1.5. The first strategy is a thermo-responsive bi-stable buckled shell [36]. In this
case, the speed of buckling transition between the convex and concave structure is not
governed by diffusion kinetics but by the speed of sound in the material (» ~ (E/p)'?,
where E is the elastic modulus and p is the density of the material). Reduction of the

diffusion length can be another way of improving the power performance of a system.

For example, Jiang and coworkers could induce superfast (< 1s) coiling of hydrogel sheet

12



(thickness~ 150 um) by depositing electrospun fibers on to a non-swelling polyurethane
fibrous sheet [37]. In the study, the reduced diffusion length (dried fiber diameter ~ 1.6

um) was associated with the reason for the fast actuation.

a b

silicon rubber

Stable state 1

™
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Removal of the
PRH — silicon rubber
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NRH

silicon rubber

Figure 0.5 Strategies for driving fast motion of hydrogel-based actuator. (a~c) The
fabrication method for stimuli-responsive snapping shell. Reprinted with permission from
ref [38]. (d~h) The electrospun composite film made of thermoplastic polyurethane
(TPU) and PNIPAm for high-speed actuation. Reprinted with permission from ref [37].
The ability to form complex geometries can be useful for improving actuation
speed via a displacement amplifying mechanism. For example, Haines and coworkers
developed an actuator that generates reversible and high system strain change (max ~
34%) from an anisotropic strain change of mechanically elongated polymer chains (nylon
6.6 ~ 4% or polyethylene ~ 0.3%) [39, 40] across the glass transition temperature. By
coiling fibers in a helical conformation and bundling them together, a great enhancement
in the speed and displacement change was achieved (Figure 1.6a). Another example is
found in nature. An aquatic unicellular organism, Vorticella, undergo high speed
contraction (< 3 ms) at high system strain change (> 1000%) by harnessing helical
contraction [41]. While a motor for the motion, called spasmoneme, can contract only

about 40% of its original length [42], the helical conformation of the spansmoneme in the

stalk amplifies the displacement change.
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Figure 0.6 Actuation by helical contraction. (a) Tensile actuation of coiled nylon fibers
by thermal relaxation mechanism. Reprinted with permission from ref [40]. (b)
Schematics of Vorticella and its helical contraction in water [43] (c) Sequential images of
stalk contraction of V. convallaria. Reprinted with permission from ref [44].
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CHAPTER 2
4D TRANSFORMATION INDUCED BY TRANSIENT SWELLING OF

ASYMMETRIC POLYMER GELS

2.1 Conceptual insights
In this chapter, we answer the fundamental question of how geometries and
materials properties are related quantitively to the dynamic shape transformations of

asymmetric gels under transient swelling/deswelling process.

2.2 Project summary

Novel design principles for polymeric gel devices that undergo time-dependent
three-dimensional shape change (4D transformation) in a short period of time (max
deformation occurs at 1/10 of the time for equilibrium swelling), but still at large
curvature change («h ~ 0.2, where « is curvature, 4 is thickness) constructed by
straightforward fabrication methods (molding or cutting) are presented. The deformation
does not require any specific swelling conditions or hierarchical assembly of
heterogeneous components, which limit the minimum accessible size-scale or cause
incompatibility issues (i.e. delamination). Instead, we take advantages of the asymmetric
distribution of surfaces across the neutral bending axis of a homogeneous object to break
symmetry in the dynamics of swelling. We precisely describe the dynamic swelling-
induced transient deformation of asymmetric gels as a function of time, initial
geometries, and materials’ poroelastic properties. Finally, we discuss novel aspects of the
transient deformation mechanism regarding the dynamic nature of deformation that

affected by surface and bulk diffusion kinetics.
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2.3 Introduction

In general, polymeric gel actuators are designed to generate bending deformation
in order to convert slow and small swelling strain to a large and fast response of the
actuator. Holmes and coworkers first demonstrated global bending of homogeneous
polydimethylsiloxane (PDMS) gels by applying a non-homogeneous swelling condition
of bringing solvents into contact with a specific region of an object [34]. The mechanism
could induce much faster bending and buckling transition than the equilibrium swelling-
based deformation mechanism arising from the generation of non-homogeneous strain
distribution in homogeneous gel under a specific boundary condition.

Besides the swelling induced deformation, the Crosby group reported global
bending of a homogeneous object in the presence of uniform solid-liquid interfacial
tension [45—47]. Due to their small size scale (nanometers thick, micrometers wide, and
arbitrary length), initially flat ribbons with asymmetric triagonal cross-sectional geometry
were transformed into helices after being introduced to the water. The mechanism of
transformation was explained by the unbalanced interfacial tension developed at the
asymmetric surface areas across its neutral bending axis (a line connecting the center of
mass of cross-sections) [45, 48]. Bending curvature (x) of the transformed helix was
determined by the properties of the materials (tensile modulus (£) and interfacial

tension(y) and the geometrical parameters (height () and width (w)) as:

1 1 h2
1_y§hw< Z+m‘1>_12 v (i, m 2.1)
R Ewh3 T "ER2\ 4 w2

36
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The above two mechanisms are advantageous in terms of the simplicity of the
fabrication process and robustness related to incompatibility issues between
heterogeneous components (i.e., delamination). However, each mechanism still has
limitations on its applicability. One main reason for the limited applicability of the
interfacial tension-driven mechanism is its small driving force (y <70 mN m™) that
defines either the size of a system or modulus of the material [34]. On the other hand, the
main drawback of the transient swelling-induced deformation model by Holmes et al. is
the necessity of specific swelling conditions which limit the development of a stand-alone
system that would not require additional controlling units (i.e., partial solvent injection
unit).

In the present work, we built upon the above ideas and proposed a new 4D
transformation mechanism that can drive fast and large-scale transient bending of a
homogeneous polymeric gel without requiring specific swelling conditions or
hierarchical assembly. The transient deformation was precisely described as a function of
time, initial geometries, and poroelastic properties. Finally, we introduced novel aspects
of the transient deformation mechanism regarding the important role of surface and bulk

diffusion dynamics.

2.4 Background

2.4.1 Generation of dynamic deformation under non-homogeneous swelling
conditions

Apart from the widely-adopted design principles discussed in chapter 1, which

harness the equilibrium shape of gels under a prescribed state of stress, a new type of
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deformation mechanism has been developed based on the dynamic shape change of gel
under continuously evolving states of stresses during transient swelling.

Transient swelling induced dynamic deformation is a ubiquitous phenomenon
found in everyday life. For example, Douezan and coworkers studied curling of tracing
paper placed on water surface [49]. The paper coiled up due to the asymmetric volume
expansion of two surfaces. The asymmetric swelling temporally induced shear stresses
causing out-of-plane bending but eventually relaxed after full wetting.

A similar approach was adopted by Holmes and coworkers to introduce large and
fast deformations in slender polymer gels [34]. By placing a droplet of solvent (hexane or
toluene) on one side of slender objects (a beam or disk made of polydimethylsiloxane
(PDMY)), they could generate various transient deformations (bending, buckling, or
twisting). In the case of bending deformation shown in Figure 2.1, bending curvature (1)
was generated by the introduction of solvent at one surface (x3= //2). They related the
bending curvature with a moment formed by swelling strain along the x; axis as Eq. 2.2.
For a simple derivation, dominant diffusion of solvent through the transverse direction of

the beam (x3) was assumed.

12 h/2

= ﬁ 81(.X3).X3dx3 (2'2)
—h/2

Kq

To describe the dynamics of strain (&) through the transverse direction, a thermal
. . . d°T _ aT . .
diffusion equation (D pyi 5) and a thermal strain change (¢; = aAT, where a is a
3 3

thermal expansion coefficient) was adapted based on an analogy between the heat

transfer and mass diffusion. Through the approach, qualitative descriptions on the time-
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dependent deformation became available; though the model predicts much faster kinetics
(tmax = 0.1 1, teg ~ 2 7p) than the observation (tmax = 1~2 1, teg ~ 20 7).

The deformation mechanism could induce faster dynamics than the time required
for reaching an equilibrium state. It is, however, hard to be applied to remote systems due

to the requirement of specific swelling conditions.
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Figure 0.7 Inhomogeneous swelling-induced transient deformation of a gel. (a) Bending of
PDMS beam by introduction of solvent droplet on the top surface (inhomogeneous
swelling), (b) Normalized curvature (xh/e, h = thickness, &= swelling ratio) vs. normalized
time (#/zp). Reprinted with permission from ref [34].

2.4.2 Numerical modeling of a swelling gel

The transient-deformation mechanism mentioned above, infers that a global
curvature would be generated by breaking symmetry in the dynamics of swelling. Instead
of applying specific solvent conditions or altering materials composition, we imposed an
asymmetric swelling condition by controlling the surface area distribution
asymmetrically in a homogeneous object. This new approach will be beneficial for
fabricating small-scale actuators due to the simple material compositions.

To maximize the applicability of the new deformation mechanism, a precise
description of the dynamics and the shape-change was required. However, the prediction

of the status of fluid distribution and the on-going deformations of swelling gels was not
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a trivial problem. So far, several numerical frameworks [50-54] have been proposed to
accomplish the task.

During swelling, a gel is not in thermodynamic equilibrium, so the chemical
potential of the solvent in the gel is not homogeneous. The field of displacement of the
network (x;) is evolving as well. To depict the coevolution process, FEM has been used.
However, due to the non-trivial challenges in relating the constitutive equations for
thermodynamics and diffusion kinetics of chemical swelling, many proposed modeling
techniques have been exclusively conducted on simple cases such as symmetric
geometries (cubic gels, spheres) or highly restricted swelling conditions (1-dimensional
transport of solvent) shown in Figure 2.2. Nonetheless, many efforts have ended up

failing to capture the experimental observations.

(a)

@) Di/L’ =0 ®) Di/L} =125 (©) Di/lF =25 (d) Di/IF >

Figure 0.8 FEM of transient deformation of a swelling gel. (a) A free-swelling cubic gel,
contours denote the stress state. Reprinted with permission from ref [54]. (b) Evolution
of wrinkling pattern during one dimensional swelling of a gel. Reprinted with permission
from ref [55].

One of the reasons for this discrepancy originated from the handling of
instabilities generated at the early stage of swelling. Under the assumption of a chemical-

potential-driven diffusion of solvent, the surface of gel reaches equilibrium swelling

instantaneously [54]. This condition causes numerical instabilities in the modeling and
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physically impossible as well. A unified way of handling the instability has not been

developed yet.

2.4.3 Non-Fickian diffusion in real matter

The above approaches were developed on the assumption of Fickian diffusion,
where the mass uptake by polymer gel is proportional to the square-root of time (n =2 in
Eq. 2.3). This condition is satisfied when the conformation changes of the polymer
structure occur quickly compared to the diffusion of penetrants molecules.

% = kt" (2.3)
T .

o)

On the other hand, if molecules move into a polymer that relaxes slowly, a sharp
diffusion front is formed and progresses proportional to time (n = 1 in the Eq. 2.3). The
former case is called Fickian diffusion while the latter case is referred to as Case I1
diffusion, which often occurs in a polymer below its glass transition temperature (Ty)
[56]. In most real cases, Case II diffusion phenomena are still observable at temperatures
well above T, such as a PDMS swelling with dichloromethane (DCM) [56]. Therefore, a
more generalized formulation is required to address the combined effects of diffusion and
interface phenomena on mass transport.

In the case of heat transfer, Biot number (Bi) plays a key role in interpreting
transient heat transfer. Bi is the ratio between conductive resistance within the body and
the convective resistance outside the body. When Bi is very small (i.e., Bi <0.1),
conduction is much faster than the heat transfer by convection. The temperature change

of the solid then becomes proportional to the elapsed time, termed Lumped parameter
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model, which shows similar time-dependence as Case II diffusion. In general cases, the
two heat transfer models are considered simultaneously to model heat transfer dynamics

[57].

2.5 Experimental details

2.5.1 Materials

PDMS (Sylgard 184, Dow chemical) was selected for its low glass transition
temperature (Tg ~ 150 K) and a wide selection of compatible solvents [58]. The mixing
ratio of PDMS prepolymers was fixed at 1:10 (curing agent to base polymer ratio by
weight) with a trace amount (0.14%) of titanium dioxide nanoparticles (< 100 nm, Sigma

Aldrich) that served as a dye for the observation of the PDMS in the solvent.

2.5.2 Fabrication methods

The mixture was cured in an oven at 333 K for 48 hours in the shape of a sheet or
a triangular prismatic beam. For the fabrication of the PDMS sheet, the prepolymer
mixture was cured in between two glass plates and a spacer. Prismatic beams with
isosceles triangular cross-sectional geometries (X>-axisymmetric) at various aspect ratios
(AR=w/ h=10.66 to 9.2) and scales (defr = 0.29 to 3.6 mm) were prepared by curing the
mixture in a 3D-printed (Uprint SE, Stratasys Inc.) mould made of acrylonitrile butadiene
styrene (ABS). The mould was covered with a polyester film (McMaster-Carr) for the

easy release of the PDMS beam and the formation of smooth surfaces (Figure 2.3).
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Figure 0.9 Schematics of mold design for fabricating a PDMS sheet (left) and a triangular
prismatic beam (right)

2.5.3 Characterization of poroelastic properties

Equilibrium swelling strain (¢eq = (Leg / Lo) — 1, where Leg is the length of a gel at
its equilibrium swelling state and Lo is the dried length) of PDMS was measured at room
temperature by swelling a PDMS cube (1 x 1 x 1 cm?) in a solvent bath for 48 hrs.
Poroelastic properties of the PDMS and solvents were analyzed by the indentation
method developed by Hu et al [26]. The poroelastic diffusion coefficient (D), shear
modulus (G ~ E/3 for swollen PDMS gel), Poisson’s ratio(v), and the polymer-solvent
interaction parameter(y) were analyzed based on the time-dependent stress change of a
swollen PDMS sheet (49 ~ 2 mm, tswen > 48 hrs.) while it was compressed by a
hemispherical glass probe (Rprore =5 mm, Edmund optics) to prescribed depths (%ina = 60
~ 270 um) on a glass substrate (Figure 2.4). The indentation force change was analyzed
by measuring displacement change of a pre-characterized cantilever beam (cantilever
compliance ~ 0.15 um mN™! system compliance ~ 0.08 um mN"!) using a capacitive
displacement sensor. The tensile modulus (£) of the PDMS sheet was measured by a

universal testing machine (Instron TM 5564).
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Figure 0.10 Image of indentation test setup for analyzing poroelastic properties of
polymer gels

2.5.4 Transient global bending of triangular prismatic PDMS beams

The time-dependent deformation process of swelling PDMS gel was analyzed
based on videos taken by a digital imaging camera (Canon t21i, focal length = 50mm, 30
fps). A beam cross-section geometry with 1-fold rotational symmetry was selected to aid
straightforward analysis of the bending curvature by capturing two dimensional (parallel
to x2x3 plane) images. Image analysis was performed with a custom Matlab code that fits
a circle into the middle part (1/3 of the total length) of a deformed beam based on Pratt
method [59]. To ensure homogeneous swelling, PDMS beams were immersed in a

solvent bath for a short introduction time (Zins0 < 3 sec).
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Figure 0.11 Swelling-induced transient deformation of a PDMS triagonal beam. (a)
Schematics of dynamic bending curvature change during the free swelling process of a
triangular prismatic PDMS beam and the corresponding cross-sectional geometry change
during the procedures. (b) Time-lapse images of the swelling process of a vertically
hanging isosceles triangular prismatic PDMS beam (w =9 mm, 2= 4.2 mm L = 120 mm)
in the bath of n-hexane. The curvature (x3) reached the maximum value about 200
seconds (#nax) after the introduction. Meanwhile, the strip, guided by gravity without
chiral preferences, transformed into a helix to avoid self-intersection. The gravitational
force arises from the density difference between the PDMS beam (p ~ 0.98 g/cm?) and
the solvent (n-hexane, p ~ 0.66 g/cm?). As the swelling continues, the curvature relaxes
close to its initial value (x3 = 0).

The diffusion length of the beam was set to be larger than 0.3 mm so that tintro is
sufficiently shorter than its characteristic diffusion time (z, > 20 s >> tiu0, Where 7, is the
defined as D / dos?). To minimize the effect of gravity on the curvature change, triangular
prismatic beams were immersed in the solvent bath with one end pinned to a weight in
order to align the longitudinal direction of a beam perpendicular to the gravity (Figure

2.5a). The demonstrative experiment shown in Figure 2.5b was conducted with one end

hanging vertically.
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2.5.5 Effect of surface diffusion dynamics on the transient bending

The effect of surface diffusion dynamics on the extent of transient bending
curvature was evaluated by comparing the deformation of a triangular prismatic PDMS
beam (AR = 8.5, defr= 0.136 mm) in different solvent conditions. One test condition was
immersing the triangular prismatic beam in the pure solvent (n-hexane, 99.9%) in the
same manner as the above experiments. The other condition involved immersing the
beam initially in a bath of non-solvent (ethanol, ¥y =25 ml, > 99% Sigma Aldrich) and
solvent-exchanged with n-hexane at a prescribed flow rate (0.035 ml min™!) by a
peristaltic pump (Ismatec ISM936D). The concentration change of n-hexane is calculated

as C(t)= 1 —e™, where a = 714 sec.

2.6 Results and discussion

2.6.1 Material properties

The equilibrium swelling strain of PDMS in n-hexane was measured as 0.43 +
0.02 and was isotropic for all directions (e.q = €11 = €22 = €33). In the case of toluene, the
swelling strain was slightly lower (0.40 + 0.02).

The modulus of cured PDMS was measured in different states (dried and swollen
in n-hexane) at different deformation conditions (compression and tensile) (Figure 2.6).
Compression test results showed that the effect of solvent swelling on the modulus of
PDMS gel agrees with the Gaussian network model [60] where modulus of a gel changes

13 =Gy x (1 + ge4)!, for isotropic

proportional to the swelling ratio (Gswen = Gary % @
expansion, where ¢ is polymer volume fraction). In the rest of analysis, the average

modulus value of dried PDMS (Eary, poms = 1.4 MPa) measured by compression and
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tensile tests was used. The Gaussian network model was accounted for estimating the

modulus of swelling gels.
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Figure 0.12 Elastic moduli of PDMS at different states and at different deformation
modes

The polymer-solvent interaction parameter (y) was calculated by the relation of
Egs. 1.3 - 1.5 and the literature value of the molecular volume of n-hexane (2.2 x 1072
m?). The value for PDMS-n-hexane system was 0.58 close to the theta solvent condition
(x =0.5 [61, 62]). This supports the approximation of Gaussian network model for the
estimation of modulus during swelling of PDMS in n-hexane.

The poroelastic diffusion coefficient of each solvent was analyzed by fitting the
stress relaxation curve to the numerical model proposed by Hu et al [63]. For a spherical
indenter with radius R, the normalized time takes the form 7 = Dt/a®, where a = (Rh)'.

The relaxation of normalized stress (g(7) = (P(¢)-Py)/(Pi-Py), where P; is the stress
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measured right after the gel was indented and Pris the stress measured after relaxation)

was modeled as:

g(7) = 0.491 exp(—0.908v7) + 0.509 exp(—1.679V7)

(2.4)

Using the relation, the poroelastic diffusion coefficient of n-hexane in PDMS was

analyzed as 3.6 x 10° £3.5 x 10" m? s’ and the value for toluene was analyzed as 1.3 x

10°£5.0 x 10" m? s! (Figure 2.7). The values are within the range of reported values

of other solvents with similar molecular structures (Dpeprane ~ 2.3 x10” m? s™! and Dpentane

~5.9 x10° m? s7!) in the literature [26].

1.0+

(P(t)-Pf)/Pi-Pf

0.0

T T T T

o 100um

80um
60um
Model gt (User)
Equation 0.49%exp(-0.908%(D*x)"0.5)+0.509%exp
(-1.679'D*x)
Reduced Chi- 0.00162 0.00146 0.00113
sar
Adj. R-Square  0.96456 0.96914 0.9759
Value Standard Error
(P(O)-PRYPI-Pf D 39842069 956542612 | 7]
(P(O)PFYPI-Pf D 3.67088E-9 6.89876E-12
(P(t)-PTYPI-Pf 3.27103E-9 4.67564E-12

20 0 20 40

60 80 100 120 140 160
t/a?( x107)

(P(t)-PX)/Pi-Pf

o
©

o
o

o
~

o
N}

0.0

= 250um |
a(m)
Model gt (User)

0.49%exp(-0.908*(D*x)* | |

Equation 0.5)+0.509"exp(-1.679*
Plot (P(t)-PT/Pi-Pf

D 1.31087E-9 + 5.29148E | -
Reduced Chi- 6.21326E-4
R-Square(CO 0.98382

Adj. R-Square 0.98382

200 400 600
t/a®( x10°7)

Figure 0.13 Analysis on the poroelastic diffusion coefficient poroelastic diffusion
coefficient of n-hexane (left) and toluene (right) in the swollen PDMS gels

2.6.2 Effect of cross-sectional geometries on the global bending of triangular
prismatic PDMS beams
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When a polymer gel is introduced into the solvent, swelling strain starts to build
up from the solid-liquid interfaces through the thickness (surface normal) direction of the
free swelling object due to the limited diffusion speed of solvents. Consequently,
swelling stresses are generated between the more swollen near-interface region and the
less swollen inner region. These swelling stresses are not permanent but are dynamically
changing until all volume elements reach the equilibrium swelling state [64]. Due to the
surface-dominant and dynamic character of this phenomena, the consequences of
transient swelling stresses were often observed in the form of surface and bulk
instabilities, such as wrinkles [65], and buckling edges [66] that change their shape (i.e.,
wavenumber and wavelength) over time. However, utilization of the deformation
mechanism to induce global bending in free-swelling objects was seldom performed [67].

We focused on the analogy between interfacial tension and the surface-mediated
swelling stresses. Since both mechanisms are predominantly formed at the vicinity of the
solid-liquid interfaces, it was expected that the transient swelling stress would induce
global bending deformation similar to the interfacial tension-driven helical
transformations of mesoscale ribbons. We took advantage of the large extent of swelling
stresses [68] for the generation of large global bending curvature in macroscopic PDMS
objects (4 =3 ~ 30 mm).

Four different ARs were selected (AR = 0.66, 1.15, 4, and 9.2) to confirm the
validity of our hypothesis. In the case of the prismatic beam with an equilateral triangular
cross-section (AR = 1.15, C, = 3, where C, is rotational symmetry), no significant
curvature generation was observed as expected by Eq. 2.1, (gray hexagon in Figure 2.8).

While, prismatic beams with isosceles triangular cross-sections (C, = 1) underwent
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transient bending along the xox3-plane. However, the sign of bending was opposite to
what was expected from the interfacial tension driven mechanism. The opposite sign of
bending is physically plausible considering the tendency to increase surface areas as the
surface region imbibes more solvent; by contrast, the positive interfacial tension acts to
minimize the solid-solvent interfacial area.

Another difference observed from the swelling induced deformation was the
‘transient’ generation of bending. The maximum curvature was generated at about 1/20 ~
1/10 of the time required for equilibrium swelling, then slowly bending back to zero
curvature. The rapid dynamics of transient bending were similar to what was observed in

the non-homogeneous swelling-induced bending of a polymer gel [34].
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Figure 0.14 Effect of aspect ratio (AR = w / h) on the transient curvature generation. (a)
Comparison of the deformed shapes of isosceles triangular prismatic beams with various
aspect ratio cross-sections during transient swelling. (b) The bending curvature dependence
on the swelling time for different geometries.
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2.6.3 Development of a simplified scaling model for the transient global bending
The transient bending curvatures of samples shown in Figure 2.8 were replotted in
terms of the normalized time and normalized curvature. The swelling time was divided
by the poroelastic time (tp) where the measured poroelastic diffusion coefficient value of
n-hexane (Dn-hexane) Was used for calculating tp. The curvature of each sample with
different AR and size was normalized by the experimentally measured maximum
curvature of each sample (Figure 2.9). Except for the small differences in the dynamic
curvature change during the initial stage of swelling, all the plots coincided with each

other.

Figure 0.15 Plots of normalized variables. The curvature of each plot was normalized by
the experimentally measured maximum curvature.

Based on the observed curvature change, we derived a simplified scaling relation
between the geometries of triangular prismatic beams and the extent of bending

curvature. The interfacial tension in the Eq. 2.1 was substituted with the surface swelling
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compression: the amount of work per unit area done by the swelling near-surface region
to elastically stretch confined by the unswollen inner region. The transversal portion of
swelling strain (e33 =¢ for isotropic swelling) and the resulting surface stress (y33) account
for the bending of the axisymmetric beams along the x>x3-plane. We approximated that
the triangular prismatic beam consists of three rectangular side walls (7 = side length of
the triangular cross-section and / = defr) and the maximum surface swelling compression
at each wall is formed when the swelling front propagates across half of the diffusion

length as Eq. 2.5 (Figure 2.10).

—d
0, zeff <x,<0
£33(x2) = (2.5)

d
g, 0<x, < esz

The maximum surface swelling compression applied to the wall was derived as:

w defr

E; 2 (T2
Y33,max = Wefff_ﬂvl;) 833(x2) *Xpdxy dx,,
2 (2.6)

5 Esgeqdeff
8

where Xy 1s the surface normal vector, Xw 1s the vector for the lateral direction of the
rectangular walls and Es is the modulus of the swollen region. Es can be approximated as
E / € since the y value (~ 0.58, measured) is close to the theta solvent condition of the

Gaussian network model [60]. The e.q was measured experimentally as 0.43 £+ 0.02.
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Figure 0.16 Schematics of the swelling state of a triangular prismatic beam at ¢ = tax

The defr can be written in the form of geometrical parameters as:

_w 1+ 1+h2 (2.7)
/F ™ 4h 4 '

d
2 w2

The scaling predicts that the transient stress changes proportionally with the
diffusion length, which scales with the size of a gel. This implies that the deformation
mechanism can be applied to large scale objects, unlike the interfacial tension-driven
deformation where the applicability is limited by the elastocapillary length (y / E).

By combining Eq. 2.1 and 2.6, the theoretical maximum curvature is derived as
Eq. 2.8. Notably, the sign of curvature is opposite to the Eq. 2.1 since the swelling
compression tends to expand the surface area of a solid as opposed to the positive

interfacial tension that reduces the surface area of a solid.

1 h?
K3,max,theory = 2Eh2

In Fig. 2.11, the normalized value of curvature («3 / &3 max,meory) Was plotted as a

function of normalized swelling time (¢ / 7). In addition to the four samples in Fig. 2.10,
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a different-sized sample (dey~ 3.6 mm, w ~ 20mm, /2 ~ 30 mm) was tested to check the
validity of scaling.

The simplified scaling successfully predicted the direction of bending and the
extent of curvature with good agreement with the experimental measurements. However,
the scaling generally overestimated the experimental values and deviated more for the
beams with more acute angles (i.e., AR = 9.2 or 0.66). We presumed that the discrepancy
might be related to the oversimplification of complex diffusion phenomena and the
negligence of the local buckling effect. Indeed, the effect of local buckling on the global
bending curvature was observed in AR =9.2 (Fig. 2.11b). Though the trend of the
curvature was still increasing (t < tmax), @ sudden drop in k3 was observed due to the

merging of two buckling waves.
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Figure 0.17 Plots of normalized variables and images showing the effect of local buckling
wave on the global curvature. (a) A plot of normalized bending curvature versus
normalized time for isosceles triangular prismatic beams with different aspect ratios and
sizes. (b) Images of the bending beam (AR = 9.2) with local buckling edges at 7, ~ 1
(green star in (a)). Merging of two local buckling waves (green circle) decreased the
global bending curvature (white circles are drawn to guide the eye).
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2.6.4 Finite element model (FEM) for the analysis of the diffusion dynamics and
the local buckling effect

In order to maximize the applicability of the new deformation mechanism, a more
precise description of the dynamics and the shape change is required. However, the
prediction of the status of fluid distribution and the ongoing deformations of swelling
gels is not a trivial problem. So far, several numerical frameworks [50-54] have been
proposed to accomplish this task. During swelling, a gel is not in thermodynamic
equilibrium so the chemical potential of the solvent in the gel is not homogeneous. The
field of displacement of the network (x;) is evolving as well. To depict the coevolution
process, FEM has been used. However, due to the non-trivial challenges in relating the
constitutive equations for thermodynamics and diffusion kinetics of chemical swelling,
many proposed modeling techniques have been exclusively conducted on simple cases
such as symmetric geometries [69] (i.e., cubic gels, spheres) or highly restricted swelling
conditions [70] (i.e., 1-dimensional transport of solvent). Nonetheless, many efforts have
ended up failing to capture the experimental observations.

One of the reasons for this discrepancy originated from the interpretation of
instabilities generated at the early stage of swelling. Under the assumption of chemical
potential-driven diffusion of solvent, the surface of the gel reaches the equilibrium
swelling state instantaneously after being introduced into the solvent [54]. This condition
causes numerical instabilities in the modeling, and is physically impossible as well. A
systematic way of handling the swelling condition has not been thoroughly elaborated
yet.

We developed a simple but robust numerical modeling method applicable to a

variety of geometries and general swelling conditions by adopting a built-in
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thermomechanical element (C3D6T) into the commercial FEM package with
modifications to the material properties. Using an analogy between heat transfer and
mass transfer phenomena, we implemented experimentally obtained poroelastic
properties into the modeling parameters. In the case of poroelastic diffusion coefficient
(D, m? s™!) converted to thermal conductivity (/) based on scaling relations shown in Eq.
2.9

D (mz) thermal conductivity (J-s™1-m™1-K™1)

= 2.9
S specific heat (J - kg1 - K=1) X density (kg m~3) (2:9)

Importantly, a mass transfer Biot number [57] (Bi = ke X detr/ D, where k. is the
convective mass transfer coefficient (m s™')) was introduced to model the dynamics of a
real matter (PDMS) during transient swelling and deswelling process. In heat transfer
problems, Biot number is used for evaluating the relative importance of convective heat
transfer (medium to the surface of a body) to conduction in the solid body as Eq. 2.10.

Bi = f(] s™t-m™2- K_l) Lconv (m)
L= H( s ' m1-K1)

(2.10)

Where Lconv is characteristic length defined as the volume of the body divided by the
surface area of the body (= defr). We defined a mass transfer Biot number analogous to a
heat transfer Biot number (B7) to systematically account the mass transfer dynamics of
solvent to the surface of a gel during swelling as well as the evaporative flux of solvent

from the surface of a gel during deswelling.
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In Figure 2.12, results of various Biot number were compared. When Bi >> 1,

time scales to reach the maximum curvature and an equilibrium state approached the

n(2n+1)

2
solution (Eq. 2.11 [34]) of ideal diffusion equation (D % = %), where A,, = .

C 2 1 x
o= 1= Y sin|a (5 - F)| e (2.11)
n

We determined a Biot number of n-hexane in PDMS (Bin-hexane ~ 0.3) based on
the deformation of a PDMS beam (4R = 4) and used for modeling of other geometries

(Figure 2.12).
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Figure 0.18 Determination of a mass transfer Biot number for PDMS-n-hexane system
(AR = 0.66, defr=0.541 mm)
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A Biot number could be changed by altering the surface properties of a PDMS
gel. For example, by treating the surface of the PDMS gel (Bi = 0.3) with oxygen plasma,
the surface dynamics were slowed down (Bi = 0.22) due to the formation of less solvent-

compatible surface layers (Figure 2.13).
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Figure 0.19 Effect of surface chemistry change on the surface diffusion dynamics and Bi
of PDMS (4R = 0.66, dey= 0.541 mm) in n-hexane

In addition to the consideration on the surface diffusion dynamics, an additional
non-ideal characteristic of solvent diffusion phenomena was considered: poroelastic
diffusion coefficient dependence on the concentration of solvent in gels. For a polymer
gel, the solvent poroelastic diffusion coefficient increases as the solvent fraction increases
in the gel [71]. The change was explained by the free-volume increase of swollen
polymer networks. We adapted a numerical model (D = Doexp(&-€/eeq), § = 3 for n-
hexane) to account the effect. The results were compared to the results of a constant

poroelastic diffusion coefficient or a linear relation in Figure 2.14.
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Figure 0.20 Effect of solvent-concentration-dependence of poroelastic diffusion
coefficient on the prediction of transient deformation

The developed modeling method allowed us to simulate the dynamic coevolution
process of internal stress and strain, and the resulting global deformation and local
buckling instabilities with high precision (Figure 2.15). For example, the fast merging
process of buckling waves shown in Figure 2.11b, was also simulated by FEM (a small
kink in the graph of AR =9.2). The model provided experimentally-inaccessible (or
hardly accessible) information, such as the cross-sectional area change (~147% at ¢ = 31)
and the swelling strain distribution inside of a gel (Figure 2.15b) or the stress distribution
(Figure 2.15¢). The information on the cross-sectional area change provided a basis for

validation of the hypothesis made for the derivation of the simplified scaling relation. The
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hypothesis suggests the propagation of swelling front is about half of the diffusion length

at t = twar, where the cross-sectional area change is expected to be (1+0.5&.,)*.
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Figure 0.21 FEM of transient bending of isosceles triangular prismatic beams with
different aspect ratios. (a) A plot of normalized bending curvature as a function of
normalized time (b) Contour plots of normalized swelling strain inside of a modeled
triangular prismatic beam (AR = 0.66) at different swelling times. (c) Contour plots of
normalized stress of a modeled triangular prismatic beam (AR = 9.2) at different swelling
times. Shapes of experimental results (white, scale bar =2 cm) and FEM (green, not to
scale) were compared at different times.

2.6.5 Effect of surface diffusion dynamics on the transient bending deformation

The extent of stress is affected by the surface and bulk diffusion dynamics since
the stress for the transient bending is originated from the non-homogeneous swelling
strain distribution between the near solid-solvent interface region and the inner region of
polymer gel. If the rate of solvent diffusion at the interfaces is much slower than that in
the bulk, then the inhomogeneity of swelling strain becomes negligible as well as the
stress and resulting deformation.

An analogy between mass transfer and heat transfer is also found here. In the case

of the transient heat transfer problem, when Bi << 1, the conduction of heat inside of a
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solid is much faster than the convective heat transfer from the medium to solid surfaces.
Thus the temperature of the solid can be approximated as uniform and gradually
changing. This is the so-called lumped parameter model (LPM) [57]. The LPM is
applicable to highly conductive materials or in the presence of very slow convective heat
flow.

The effect of surface diffusion dynamics on the transient bending mechanism was
evaluated by comparing the deformation of a triangular prismatic PDMS beam (AR = 8.5,
de=0.136 mm) under different solvent conditions: pure solvent (Figure 2.16a) and
solvent exchanged from non-solvent (Figure 2.16b). The triangular prismatic beam
deformed less (x3 / x3,max= 0.9 (99% n-hexane), 0.25 (gradual, a = 714 sec)), and the
local buckling also diminished under the limited supply of solvent at the interface. This
result demonstrated the importance of surface-bulk diffusion dynamics on the transient

deformation phenomena as well as the importance of asymmetric geometries.

Pure solvent (n-hexane) Solvent exchange (from ethanol to n-hxane)

Figure 0.22 Transient deformation of a triangular prismatic PDMS beam (AR = 8.5, deir =
0.136 mm) under different solvent conditions. (a) image of the PDMS beam immersed in
the bath of pure n-hexane. Images at ¢ = fax and fe; are shown. (Inset is a magnified
image of the local buckling). (b) The same PDMS beam was immersed in a non-solvent
(ethanol, Vp =25 ml) then solvent-exchanged with n-hexane by injecting n-hexane and
ejecting the mixture at the same flow rate (Q = 0.35 ml min™'). Images at £ = tux and te
are shown. (inset: no buckling was observed)
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2.7 Conclusions

In summary, we developed a novel 4D deformation mechanism based on the
transient generation of the inhomogeneous swelling strain distribution in asymmetric
gels. We depict the role of geometries, material properties, and diffusion dynamics on
the transient evolution of bending curvature. An easily accessible modeling method was
introduced as well, which will expand the applicability of the novel deformation

mechanism for the development of polymer gel-based devices with novel functionalities.
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CHAPTER 3
HIGH-RATE AND LARGE-DISPLACEMENT ACTUATION OF MESOSCALE

HELICES

3.1 Conceptual insights
In this chapter, we answer the fundamental question of how two different surface-
mediated phenomena, interfacial-tension-driven deformation and surface diffusion, be

balanced with elasticity to control shape transformation of a small-scale or soft object.

3.2 Project summary

Here, we demonstrated Vorticella-like underwater actuation of mesoscale
polymeric actuator that exhibited high-rate (~ 1300% s™!) and large contractions (~
1500%) in response to a change in temperature or pH, similar to the [Ca’] response in
spasmoneme, which is an actuator muscle of Vorticella. We used a convective self-
assembly process to form mesoscale ribbon-like precursor structures (mesoribbons),
consisting of a phase-switchable polymer. The unique shape of mesoribbons, inherent to
convective assembly structure, was utilized to induce a 3D helical transformation and to
achieve coiling response. We harnessed the advantage of an analogy between two
surface-mediated phenomena: interfacial tension and surface diffusion. The helical
geometries (radius and axial extension) were quantified as a function of mesoribbon
geometries and material properties (interfacial tension, modulus, swelling ratio) with

respect to flow condition. The effect of each surface-mediated phenomena was
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deconvoluted by analyzing the kinetic response of mesohelices at different stimuli
changing rate. We found that the interfacial tension change of asymmetric object controls

the equilibrium geometries and the surface diffusion

3.3 Introduction

The recognition of the advantages of life-like locomotion exhibited by fish [9],
birds [72], or insects [73, 74] has increased the demand for artificial muscles that emulate
the function of natural ones [75]. However, emulating these muscles at a life-size scale is
significantly challenging due to a large number of hierarchical microstructures [76, 77].

For this reason, unicellular organisms like ciliate, flagellate, and amoeboids have
been studied as model systems for locomotion in engineering [78] and biomimetics [79].
Among many species in unicellular eukaryotes, Vorticella convallaria (Vorticella) has
been particularly interesting to scientists due to its unique method of motility.
Surprisingly, Vorticella has one of the largest values for specific velocity (vs = body
length s') among living creatures [41]. By evolving a helical contraction mechanism in
its stalk that tethers its body (zooid) to a substrate in its environment, Vorticella can
contract at a maximum rate of 1200 times its body length per second (~ 6 cm s™') at a
contraction ratio of 500 % (= AH / H;, where H; is the axial length of a contracted
helical stalk and AH is the axial length change)(Figure 1.6b and 6¢ ) [79]. Such fast
motility is not common for other aquatic microorganisms since the viscous drag of water
dominates the inertia of movement at the microscale (Renolds number << 1) [80]. Under
such conditions, this asymmetry of motion is critical for the motility of microswimmers
[80, 81]. The helical transformation of the stalk not only allows Vorticella to move fast,

but also acts as a geometric amplification for the previously reported small length change
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(40% [42]) of the contractile spasmoneme in the stalk, to large-contraction of the stalk
(500%).

Many researchers have focused on elucidating the mechanism for fast contraction
in the spasmoneme [82, 83], as well as utilizing the spasmoneme as microscale actuators
[79, 84]. However, Vorticella-like tethered helical coiling has not been explored despite
the known advantages that the fast and large-displacement underwater motions give
Vorticella over many artificial microswimmers [84, 85].

While, helical deformation of growing tissues of plant systems, such as climbing
stems of bines and vines [10] have inspired many demonstrations of hydrogel-based
devices that form helical shapes by uptaking water [16, 17, 86]. Swelling stress (osmotic
pressure) of hydrogel was utilized to drive the transformation of the devices against the
elastic restoration forces [32]. In general, the helical transformations were induced by
breaking two plane symmetries (e.g. lateral plane and longitudinal plane) in the swelling
strain distribution of hydrogel being constrained by non-swelling, rigid component in the
structure [16, 17, 86]. However, the axial length changes occurring during the helical
transformation are small (~ 200%) because the swelling strain is not amplified
geometrically: helical transition, which reduces the axial length of a device, which
occurred when a hydrogel component swelled. The design principle is also practically
limited in the fabrication of vorticella-scale devices due to the resolution limits in the

current manufacturing techniques (~ 20 um [87]).
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3.4 Background

3.4.1 Surface energy driven deformation of a solid

It is widely appreciated that surface tension dominates shaping of liquids at small
scales: a droplet of water tends to form a sphere to minimize the surface area. On the
other hand, it was only recently that surface tension became known to deform a solid.
Mora and coworkers demonstrated a surface tension-induced deformation of a solid body
by immersing a long cylindrical rod made of ultra-soft agar gel (u: shear modulus ~ 200
Pa) into toluene. The gel shortened its length about 4.5% to minimize the surface area
(Figure 3.1) [48]. In the Crosby group, Pham and coworkers also observed a surface
tension-induced deformation of mesoscale ribbons (thickness: 15 ~ 200 nm) made of

rigid solid («: 0.1 ~ 0.3 GPa) in water [45].
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Figure 0.23 Shortening of cylinder made of agar gel when immersed in toluene.
Reprinted from ref [48].

To generate a deformation in solid, surface tension must do work against elastic
restoring forces. The effect of surface tension becomes prominent when the size of an
object is comparable to the electrocapillary length (/ =7y / u, y is the surface tension). For

an agar gel (y ~ 40 mN m™! [48]), the characteristic length is about 200 pm. In the case of
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rigid solid, like polymethylmethacrylate (PMMA, y ~40 mN m™!, ux ~ 0.3 GPa [45]), the

characteristic length is as short as atomic length (~ 0.1 nm) thus virtually undetectable.

(a)
h A . % ﬁwﬂ

L non-lincar FEM
Figure 0.24 (a) Initial geometry of triangular gel, G: Spieker center, H: centroid, (b)
Surface tension driven bending of PDMS (experiment and FEM results). Reprinted from
ref [48].

Mora and coworkers also discovered that surface tension could cause global
bending of the solid beam when the object is formed in the shape of a triangular beam
with isosceles cross-sectional geometry. They observed the deformation with an agar gel
submerged in PDMS (Figure 3.2). The bending curvature (k, positive: bending up,

negative: bending-down) was derived regarding the geometries and material properties as

Eq 3.1[49].

1 (3.1)

A
|
S

sin=
2

Where, ¥ = ﬁ , 0 1s the acute angle of the cross-section, h is the height of the cross-

section.
The physical meaning of Eq. (11) can be explained by rewriting it with
geometrical variables [45]. A line connecting the center of the area of cross-sections (H

and red line in Figure 12) determines the neutral bending axis that doesn’t change length
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while bending. If the neutral bending axis coincides with the line connecting the center of
the perimeter (known as Spieker center, G, the blue line in Figure 13), then the sum of
surface area change around the bending axis is zero. Otherwise, the surface area

change(AA) per unit ribbon length (L) is determined by the distance between G and H:

% = —kn-P(G — H) (8:2)

Where n is normal to the neutral bending axis, P is the the perimeter length.

3.4.2 Helical deformation of mesoscale ribbons

In the Crosby group, we observed similar phenomena in the mesoscale ribbons (h:
15~ 200 nm, 6 ~ 175°) made of polymers (PMMA) or nanoparticles (Cd-Se quantum
dots, u ~ 0.1 GPa) [45]. In the study, Meso-scale ribbons with asymmetric cross-
sectional geometry were formed by flow coating [88] based on controlled pining-
depinning of the liquid-substrate contact line and the deposition of solutes at the confined
meniscus driven by evaporation flux [89]. The ribbons were deposited on a silicon wafer
coated with water-dissolvable polymers (polyacrylic acid). When submerged in water, the
ribbons were released from the substrate and deformed to helical shape with a specific
bending curvature depending on the thickness, modulus, and interfacial tension of the
ribbons (Figure 3.3). Pham and coworkers confirmed the role of interfacial tension on the
helical deformation of ribbons by observing relaxation of bending curvature as a
surfactant was dispersed in the water bath [45].

The observation not only validates the proposed mechanism but also infers a

potential actuation mechanism that can induce reversible transformation between a helix
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and a ribbon. We hypothesized that active changes in the interfacial tension between solid
and liquid would result in a reversible helical transformation like as the motion of
Vorticella discussed previously (chapter 1.3).

To realize the unprecedented actuation mechanism, we tested several materials
known for undergoing active surface change, including thermal-responsive hydrogels,

and pH responsive hydrogels.

Substrate e

Figure 0.25 Helical transformation of mesoribbons (a) Schematics for flow coating of
meso-ribbons on a substrate [88], (b) Surface thickness profile of flow-coated Cd-Se QDs
(t ~200nm, w ~ 12um) (c) Helical transition of mesoribbons released in water (d)
Thickness-radius relation of mesoribbons made of PMMA (red) and CdSe QDs (black).
Reprinted with permission from ref [45].

3.4.3 Thermal-responsive hydrogels

Temperature-dependent coil to globule transition [90, 91] of Poly(N-
isopropylacrylamide) (PNIPAm) is the most comprehensively studied stimuli-responsive
mechanism and a material system known for the ability to change interaction with water
(hydrophilicity). Based on the responsiveness to temperature change, the thermo-
responsiveness is classified into two groups: LCST (lower critical solution temperature)
and UCST (upper critical solution temperature). A polymer exhibiting LCST solvates and

becomes miscible at normal temperature, but the solubility decreases as the temperature
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rise. Eventually, it precipitates beyond a critical temperature [92]. The opposite case is
called UCST which dissolved above a certain temperature.

According to recent studies [93, 94], the solubility change of PNIPAm caused by
the competition between the solvation of polymer by water molecules and the formation
of intramolecular bonding between hydrophilic moieties (amine (N-H) and carbonyl
(C=0)) in the polymer. In this explanation, the free energy of the system is affected by
entropy decrease due to the loss of randomness of solvating water molecules and the
enthalpy change due to the formation of intermolecular hydrogen bonding. The combined
effect results the collapsing of polymers at above LCST (~ 303 K) where the entropy

effect dominates (Figure 3.4).

Heat

—
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T, <LCST T, > LCST
R, o< N3/5 R, x N1/3

Figure 0.26 Schematic of Temperature responsive coil to globule transition of PNIPAm
Crosslinked PNIPAm forms a hydrogel that can reversibly change the swelling ratio
across the LCST.
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Although there have been numerous studies on the mechanism [92-94], and lots
of devices that have demonstrated practical applications of the hydrophilicity change [95,
96], there are still on-going debates on whether there is a change in the interfacial tension
between hydrogels made of PNIPAm and water across the two phases. At above LCST, it
is widely accepted that the intermolecular hydrogen bonding causes conformation change
of PNIPAm that exposes more hydrophobic moieties (propyl groups) to surrounding
water molecules. This change is expected to cause a change in the interfacial tension
between the polymer and water. Many experimental results that support the reversible
change of surface energy were published as temperature dependence of advancing
contact angle [97] (measured by Sessile Drop method), oil-wettability [95], and protein-

adhesion [96].

(@)

T, <LCST T, > LCST
I < J
Swollen PNIPAm gel Dehydrated PNIPAm gel

R |

‘Hwater Q

Figure 0.27 Contact angle measurement by (a) Sessile drop method, (b) Captive bubble
method

However, a receding contact angle measured in the presence of surrounding water
(captive bubble method, Figure 3.5) did not coincide with the prediction. Only negligible

change in the contact angle (~ 90°, meaning complete wetting) across the LCST was
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observed instead [98—100]. The authors explained that the discrepancy would be related
to the rearrangement of surface molecular composition depending on the energy state of
the opposing phase. The large mass fraction of water remained in the PNIPAm gel (~
20% at T > LCST and ~ 85% at T < LCST [101]) also regarded as the reason of low
contact angle of PNIPAm submerged in water at above LCST. We addressed the issue for

the realization of interfacial tension change driven actuation.

3.4.4 Chemical modification of PNIPAm-based hydrogels

The sensitivity to the neighboring chemical environments has been harnessed for
the development of multi-stimulus-responsive hydrogels based on PNIPAm. For
example, copolymerization with acrylic acid (AAc) resulted in dual stimuli-
responsiveness to the temperature or pH change [102]. Substitution of propyl group with
spiropyran-containing moieties realized a light-sensitive reversible swelling-shrinkage
behavior [103]. It was also reported that the substitution of acrylic acid to butyl acrylic

acid could improve the dynamics of phase transition behavior [104].

3.5 Experimental details

A well-known phase-switchable material, poly(N-isoporpylacrylamide)
(PNIPAm) was chosen as a model material for demonstrating a Vorticella inspired
underwater actuation. We selected an evaporation induced convective self-assembly
technique termed flow coating [45, 47, 88, 105, 106] to prepare millimeters long,
nanometers-thick, ribbon-like structures (mesoribbons) with asymmetric cross-sections as

depicted schematically in Figure 3.6.
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Figure 0.28 Experimental detail for the fabrication and the thermal actuation of
mesoribbons in water (a) Chemical structures of (NIPAm(m)-AAc(n)-BP(1)-RhB(j)
copolymer. (b) Schematic of flow coating process (c) Post-processing of mesoribbons to
yield discrete mesoribbons with defined length. (d) Schematic of the thermal actuation
setup used for the observation of temperature response of mesoribbons in water. (e)
Coordinate system and geometrical parameters of mesoribbons. (g) FLM images of
helical mesoribbons in the water at different temperatures (77 > LCST > 7?) (left);
schematics of the helical geometries at different temperatures (right).

3.5.1 Materials

To fabricate PNIPAm mesoribbons by flow coating [107, 108], benzophenone
acrylamide (BPAm) was introduced as a comonomer to induce a solid-state crosslinking
reaction of PNIPAm after flow coating [109]. It allowed the assembly of water-soluble
polymers to remain intact after released into the water. To observe mesoribbons,
fluorescence microscopy (FLM, Axio observer, Carl Zeiss Microscopy GmbH) was
utilized by using a trace amount of rhodamine B methacrylate (RhnBMA) as a
comonomer. In addition, acrylic acid (AAc) was introduced to specific samples for the
implementation of pH responsiveness in its phase transition behavior. Polymers with
various compositions were obtained based on the synthesis scheme previously described

by Kim et al. [110].

53



All Materials were purchased from Sigma Aldrich and used without purification
except for the initiator, azobisbutyroynitrile (AIBN). The AIBN was recrystallized in
methanol before use. To prepared BPAm, 1.00g of 4-aminobenzophenone and 0.85 ml of
triethylamine (TEA) were mixed with 10ml anhydrous dichloromethane (DCM) in 25 ml
flask. The flask was then placed into an ice bath at 268 K for 10 min, followed by
addition of 0.45 ml of acryloyl chloride in dropwise for 5 min. The solution was kept in
the ice bath overnight (> 5 hr), followed by extraction two times each with 1M HCI,
saturated NaHCO3, and RO water. The solution was then dried with sodium sulfate (2 g)
and filtered. After being dried under reduced pressure, an orange-colored solid was
obtained (yield = 90%). To synthesize RhRBMA, rhodamine B isothiocyanurate (100 mg),
2-aminoethyl methacrylate hydrochloride (19.6 mg) and TEA (62.4 ul) were mixed in 24
ml of DCM and kept at room temperature overnight. The solution was treated with the
same extraction process to give a red-colored oily product, which was mixed with 1,4-
dioxane (2.9 x 10*M). The polymerization of thermal-responsive PNIPAm based
copolymer was synthesized by dissolving NIPAm (1.5 g), BPAm (120 mg), RhBMa (20
ml) and AIBN (10 mg) in 60 ml of 1,4-dioxane. After a nitrogen purge for 10 minutes,
the solution was kept at 348 K overnight. The copolymer was precipitated in cold diethyl
ether and followed by drying under reduced pressure (yield 80%). In the case of a pH-
responsive copolymer, NIPAm (1.5g), BPAm (60 mg), RhBMA (20 ml), and AAc (60
uL) were mixed in 60 ml of 1,4-dioxane and polymerized in the same procedure.

Chemical structures of PNIPAm-based copolymers were shown in Figure 3.6a.
The molecular composition of the resultant polymers was characterized by 'H-NMR

(Burker Avancell 400) in deuterated chloroform (CDCL3) as shown in Figure 3.7. Based
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on the chemical composition of BPAm (i, mol %) and the input ratio (n, mol%) of AAC,

the resultant polymers were named as BP(i) or BP(i)-AAc(n).
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Figure 0.29 'H-NMR spectra of synthesized PNIPAm-based copolymer with different
benzophenone acrylamide (BP) content

rel)

0.5

3.5.2 Characterization of the mechanical properties of PNIPAm-based copolymers

The temperature-responsive phase behavior of each polymers was analyzed by

measuring the clouding point of 0.2% aqueous solution at a temperature change rate of 1

K min™! from 293 K to 333 K. The lower critical solution temperature (LCST) of BP4 and

BP2-AAc6 was ~ 300 K at pH 6, while the LCST of BP2-AAc6 was higher than 333K at

pH 8.
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The modulus of crosslinked BP4 hydrogel was analyzed by an indentation method
using experimental setup shown in Figure 2.4. A disk of BP4 with uniform thickness (~
Imm) was prepared by drying 20 wt % solution of BP4 in ethanol (99.5% Fisher
scientific). The solution was dried at 343 K for 48 hours and annealed at 463 K for 5
minutes to relax residual drying stress. The disk was then UV-cured (360 nm, 20 mW cm”
2,10 min. for each side) and submerged in water for 48 hours at 293 K to form a
hydrogel. The disk was then equilibrated at a predetermined temperature for six hours.
Using a spherical glass probe (R = 5 mm, Edmund optics), the gel was indented to
predetermined depths (6 ~ 100 um) while it was submerged in water at the specific
temperature (Figure 3.8). The stress response was analyzed with respect to the

indentation depth accounting the finite thickness of gel [111].
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Figure 0.30 Plots of the relation between indentation depth and load of BP4 hydrogel
with respect to the temperature condition
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3.5.3 Fabrication methods

Before flow coating, glass substrates were cleaned by sonication using soap
water, pure water, then isopropyl alcohol, and treated by UV-ozone (at 150 mTorr for 2
min). Then, a 200 mg ml™" aqueous solution of poly(vinylalcohol) (PVA, 88%
hydrolyzed, Mw = 78 kDa, Polysciences) was spun-coated on the substrate, generating a
water-soluble sacrificial film (thickness ~ 100 nm). The film was engraved using a 30W
CO2 laser (Universal laser systems) to expose bare glass stripes (spacing ~ 2 mm, width ~
200 um) for the mesoribbons to be anchored to (Figure 3.6b). The glass substrate was
then transferred onto a translating stage equipped with a Peltier heater.

To create mesoribbons onto the substrate by flow coating, 5 mg mL™! solution of
BP4 in 2-propanol (99.5%, anhydrous, Sigma Aldrich) were injected (20 puL) in between
the glass substrate and the flow coating blade (a silicon wafer cleaved along the (100)
crystal plane to form linear edge)(Figure 3.6b) [47]. The minimum distance between the
flow coating blade and the substrate was set to ~ 200 um. The mesoribbons were
assembled perpendicular to the bare glass stripes. The dimensions of the mesoribbon
were controlled by varying the stopping time of the translational stage (fu0p = 0.7 ~2.0' s
at a translation speed of 1 mm s™!). The temperature of the substrate was controlled to 312
K to yield fast evaporation of the solvent.

After flow coating, mesoribbons were cured under UV exposure (360 nm, 20 mW
cm, 8 min.) at the dried state, followed by oxygen plasma etching for the removal of
thin-polymer film residue in between mesoribbons (Figure 3.6¢). After cutting the
mesoribbons with the CO; laser to allow them to move freely, the sample was introduced

in between a rubber-sealed water bath (diameter ~ 30 mm, height ~ 2 mm) and a
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conductive copper block (Figure 3.6d). The temperature of the bath was controlled by a
Peltier heater. The temperature change was monitored by a T-type thermocouple placed

in the water bath.

3.6 Results and discussion

3.6.1 Characterization of the geometries of as prepared BP4 mesoribbons

The geometries of as prepared BP4 mesoribbons were analyzed with an optical
profilometer (OP, Zygo New View 7300) before released in water. Well-defined ribbons
with uniform thickness profiles were prepared (Figure 3.9a). The thickness profiles of
mesoribbons prepared at different £, (= 0.7, 1.0, 1.5, 2.0 s) were plotted in Figure 3.9b.
The average height of ribbons depended on the stopping time but the aspect ratio for all

ribbons was similar (w/ h = 29 + 2).

As prepared

Anchored to the substrate

<>

0 10 20
w(pum)

Figure 0.31 As-prepared mesoribbons on the substrate. (a) FLM image of mesorribons.
Yellow arrows are showing the part of mesoribbon attached to the substrate (inset: OP
images and its 3D reconstructed image). (b) Thickness profiles of mesoribbons prepared
at different Zp.
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Figure 0.32 Helical mesoribbons in water at 7= 7. (a) FLM images of the helical

mesoribbons flow coated at different stopping time (tswp). (b) A plot of equilibrium
helical radius as a function of (thickness)?.

3.6.2 Helical transformation of mesoribbons in the water at 7> LCST

After being introduced to water at a temperature (77 = 318 K) above the
polymer’s lower critical solution temperature, the mesoribbons spontaneously
transformed to a helical geometry as shown in Figure 3.10a. The helical geometry is
described by an axial helix length (H), pitch (p;), and helical diameter (D)), as illustrated
in Figure 3.6g. Among the longest ones (L > 1 mm), several perversions, similar to those
observed from asymmetrically tensioned elastic bilayer strips [112, 113], were observed
(Figure 3.9a), thus suggesting that no preferred chirality exists.

In previous studies on the spontaneous helical transformation of mesoribbons
[45, 46], the helical transformation phenomena have been explained with the solid-liquid
interfacial tension (y): isotropic surface stress associated with the deformation of solid
[114]. Due to the asymmetric shape of the mesoribbons, which can be simplified as an

isosceles triangular prismatic beam, the net-effect of interfacial tension acting on each
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surface of the mesoribbonis sufficient to generate an out-of-plane bending force (torque)
in directions determined by the mesoribbon’s geometry. The bending force is balanced
with the elastic restoration force of the solid. In this process, the bending direction is
determined by the strength of the interfacial tension, the geometry of the beam, and the

elastic modulus of the beam as modeled in Eq. 3.3 [45, 48].
1_,,r 1+h_2_1 (3.3)
R ER*\\4 w2

Where w is the width, /4 is the height, E is the modulus and y is the interfacial tension

between the ribbon (solid) and liquid media.
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Figure 0.33 Geometric analysis of dried helices at T, (a) OP images, (b) 3D
reconstructed image of (a) showing the thickness is doubled at kinks (=nodes), (not
scaled). (¢) Schematics of a helical geometry and positions of nodes. The contour length
between two nodes is Ry (arrows are showing nodes)
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Since the helical diameter and the pitch were affected by flow condition of the
liquid medium, such as thermal convective flows or Marangoni flows, an equilibrium
helix radius (Ry) under no-flow condition was estimated based on the calculation of helix
length using the helical diameter (D) and the pitch (p) observed from microscope image.

D\2
Helix length = 2nR, = <E> + p? (3.4)

To confirm the validity of the calculation, we estimated the actual helix length by
measuring the contour length between nodes after the helix was dried at the same
temperature condition (77;) on the glass substrate (Figure 3.11). The difference between
the calculated helix length by Eq. 2 and the measured contour length of dried mesoribbon

was less than 10%.

3.6.3 Thermal actuation of BP4 mesoribbons

The thermal actuation of BP4 mesoribbon was induced by cycling the temperature
of water between 318 K (7> LCST) and 288 K (7> < LCST) at a rate of + 0.8 K 5!
(Figure 3.12a). Reversible coiling and uncoiling transitions were observed during cycling
(Figure 3.12b). The equilibrium helix radius was measured for 77 (Ro,;) and 7> (Ro,2)
about 400 seconds later the temperature of bath reached the target temperature. For two
different samples (2 = 150 nm and 440 nm), the equilibrium helix radius change ratio (R

/ Rr) was 406 + 5% (Figure 3.12c¢).
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Figure 0.34 Thermal actuation of the helical mesoribbon in the rubber-sealed water bath.
(a) Water temperature and temperature change speed as a function of time. (b) Time-
lapse FLM images of the helical mesorribbon captured at the time denoted (a). (c)
Equilibrium helical radius of mesoribbons at different temperatures.

3.6.4 Estimation of the effect of interfacial tension on helical geometry change

The equilibrium helix radius (Ry) was analyzed to estimate the extent which
interfacial tension drove the curvature change. As shown in Figure 3.9b, Ro,1 scaled
quadratically with the thickness of mesoribbons, in accordance with the Eq. 3.3. The
elastocapillary length (8 =y E'') of BP4 was estimated (8; =9.7 x10'° m, at T = T;) by
fitting to the experimental data.

We used the modulus value of BP4 hydrogel, £1 =316 kPa (£ 20) at 7= T7},to
estimate the interfacial tension (y;) of the BP4 at the temperature condition. The
estimated solid-liquid interfacial tension (y; = 0.31 £ 0.02 mN m™') was near zero,

suggesting high hydrophilicity even at above LCST [100].
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The interfacial tension of BP4 at 7= T3, y>, was calculated based on the
assumption of isotropic swelling as Eq. 3.5.

&_ V2 E1h%_ E; vz

= = = (3.5)
R, Eth Y1 E A%y,

Where, E> (= 76 £ 9 kPa) is the modulus of BP4 hydrogel measured at 7>, 4 is the
swelling induced dimension change (L>/ L;= 1.4 = 0.1) determined by measuring contour
length of short BP4 mesoribbon (L ~ 30 um) at 7> and 77.

The calculated value of y2 is 0.036 mN m™!, suggesting that such an insignificant
change of interfacial tension could result big changes in helical coiling phenomena. In
previous studies [99, 100, 115], the effect of phase transition upon the interfacial tension
change of PNIPAm gel was often debated because of the negligible contact angle change
within the error range of measurements and a large portion of water which remains at T >
LCST. The helical coiling of mesoribbons, on the other hand, provided clear evidence

and quantitative understanding.

3.6.5 Dynamics of helical coiling actuation in viscous flow

The dynamics of helical coiling was analyzed by measuring the contraction ratio
(H:/ H)) and the specific speed (vs = AH / H; s7) of a helix in the presence of water flow.
An experimental flow cell (10 mm x 20 mm % 2 mm, inner volume) made of
polydimethylsiloxane (PDMS, Sylgard 184, Dow chemical) was used. The water inside
of the cell was circulated by a peristaltic pump (Ismatec ISM936D) through two channels
(inner diameter = 1 mm) connected to each side of the flow cell (Figure 3.13a). The

temperature of inlet water was controlled by a custom-built, in-line heat exchanger and a
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Peltier heater. The flow rate of water was set to 0.05 ml s™'. However, it does not
represent the actual flow condition experienced by mesoribbons since the helices were
located near the boundary layer. Furthermore, convective flows, formed by the

temperature change of supplied water, influenced the flow condition significantly.
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Figure 0.35 Helical coiling of mesoribbons in viscous flow. (a) Top: Plots of the water
temperature and temperature change speed as a function of time; bottom: Schematics of
the flow cell setup for the observation of helical coiling in viscous flow. (¢) pH-
responsive solubility change of uncured BP4-AAc6. (d) pH-responsive actuation of BP4-
AAc6 mesoribbons at 7= 318 K. (e-g) Normalized axial length (H / H1) and specific
speed of helical ribbons as a function of time

64



When the temperature was increased to T, a stretched helix coiled to a helix with
a smaller radius and pitch. The measured contraction ratio reached up to 1600% (Fig
3.13e and f) and the speed of contraction was Vs max =~ 0.2 s (=0.02 mm s') at d7/ dt =
0.4 K s") (Figure 3.13e). Notably, the contraction speed was improved at a faster
temperature change rate (vs max =7 8 (=1.4 mm s) at d7/ dt = 8 K s!) (Figure 3.13f).

In previous studies [46, 116] on deformation of a helix in viscous flow, the axial
extension (AH = H / Hy, where Hy is the axial length of helix in the absence of flow) of
helix was modeled as a function of the helix geometry, material properties, tangential
frictional drag coefficient ({)), and a flow velocity(v) as Eq. 3.6.

AH  {vR?L  {vRZL
L EI  Ewh3

(3.6)

The large extension of helical ribbons at 73 is explained with the relation
accounting the equilibrium helical radius change (R> = 4.06 R;), dimension change (L2 /
L;i=w2/wi=h2/ h;=L= 1.4 for isotropic swelling), and the modulus change (£> = 0.24
E;) of BP4 mesoribbon, along with the assumption of no changes in frictional drag. The
axial extension (4H) of the helix at 7> is expected to increase to 25 times higher than that
at 77 under given flow conditions. Considering the finite extensibility of helix, a
maximum compression ratio is expected to happen under a mild flow condition.

On the other hand, the speed of contraction could not be interpreted only
considering the interfacial tension effect. Since the interfacial tension is constant at a
given temperature, the same extent of force is applied when mesoribbons were initially

released in water. The speed of initial helical contraction, however, did not exceed 0.1
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mm s in the experiments (Figure 3.14), while the maximum speed of contraction of the

mesoribbon shown in Figure 3.13f was 1.4 mm s’

Figure 0.36 Time-lapse FLM images of the initial helical transformation the BP4
mesoribbons (h ~ 330nm) after being introduced in water at 77, No external flow was
applied

We hypothesized two possible mechanisms as the source of the additional coiling
force: 1. inhomogeneous swelling induced bending; 2. transient swelling stress formation.
To determine the presence of unintended inhomogeneous swelling strain distributions,
which has been widely utilized for inducing the bending deformation of a PINPAm-based
devices [23, 110, 117], we minimized the interfacial tension of solid-liquid but
controlled the swelling ability by harnessing a unique phase behavior of PNIPAm in
binary mixtures of water and alcohol, called cononsolvency [118—-120].

In the mixture of water and 1-propanol, the LCST of PNIPAm decreases (less
soluble) until the concentration of 1-propanol reaches to 15 mol%. On the other hand, at
above 50 mol%, PNIPAm solubilizes even higher than 333 K [120]. We applied the same
condition to identify the influence of swelling and interfacial tension on the helical
transformation of BP4 mesoribbons. First, we released BP4 mesoribbons (h =~ 440 nm) in
the water at 7;. 1-propanol was then mixed to 15 mol%. Due to the cononsolvent

condition, the swelling was minimized (L/L; -1 = 10%), while the addition of 1-propanol
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lowered the surface energy of medium [121], thus causing the helical radius increase (Ro
~40 to 135 um). As more 1-propanol was mixed (50 mol%), the mesoribbons swelled
significantly (L/L; -1 = 55%) and the curvature was reduced significantly (not
measurable, Fig 3.15). This experiment confirmed that the helix was not formed by

inhomogeneous swelling strain but by interfacial tension.

i. As prepared ii. Released in water (T = 318 K)

(2

LY

iii. 1-propanol 15 mol% (T = 293 K) iv. 1-propanol 55 mol% (T = 293 K)

Figure 0.37 FLM images of the BP4 mesoribbons (% ~ 440 nm) at different compositions
of 1-propanol in water

3.6.6 pH change driven helical coiling of BP2-AAc6 mesoribbons

The additional source of energy for the fast contractional motion was identified by
an experiment conducted on BP2-A Ac6 mesoribbons. Copolymerization of PNIAPAm
with acrylic acid (6 mol%) has altered the phase behavior to be responsive to pH change
at T= T, (Figure 3.13c). We used the pH responsiveness to drive helical coiling, instead
of altering the temperature of the water bath. The pH of the medium was controlled by

adding a basic solution (NaOH 0.01 mol %) or acidic solution (HC1 0.01 mol %) while
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keeping the temperature at Ti. In the experiment shown in Figure 3.13d, BP2-AAc6
mesoribbons (h = 550 nm) were released in the water at pH 2 at 7. The pH of the
solution was then cycled between 2 and 8. Similar to previous experiments, a transition
between a tightly coiled helix (R; =23 um) and a loose ribbon (R> = 115 pm) was
observed at the end of the transition, but the intermediate state was notably different from
the temperature-controlled actuation of BP4. During the transition states (pH 2 to pH 8 or
pH 8 to pH 2), helices with significantly small helical radius (Rp = 11 um) were observed
transiently. The speed of contraction was significantly faster (vs max = 13 s (=3.2 mm s’
1) than the thermally driven actuation of mesoribbons.

Because the tight coiling was only observed during the transient swelling and
deswelling process, the relevant mechanism differs from that based on a prescribed
inhomogeneous swelling distribution [23, 110, 117]. We hypothesized that the
asymmetric geometry of mesoribbons leads to coiling during the transient approach to
and from swelling and deswelling states. To confirm this hypothesis, we made a
macroscopic triangular prismatic beam (42 = 2.2 mm, w = 7.8 mm, L = 70mm) from
crosslinked PDMS. The size of the beam was significantly larger than its capillary length
(y/E=20mN m™ /10 Pa =20 nm) so that interfacial tension effect was negligible. The
beam was then submerged in a bath of good solvent (n-hexane, 99.9% Fisher scientific)
to simulate the swelling behavior of PNIPAm mesoribbon at 7< LCST (Fig 3.16a). The
swollen beam was then introduced in a bath of nonsolvent (ethanol) to simulate the
deswelling process (Fig 3.16b). During the transient process of swelling and deswelling,
the triangular prismatic beam underwent helical transitions. Noteworthily, the sign of the

direction of bending was the opposite of each other: positive for swelling and negative for
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deswelling. The negative curvature, generated by transient deswelling, coincides with the
direction of bending expected from the interfacial tension-driven bending (Eq. 3.3).

With these results, it was proven that the helical contraction of hydrogel
mesohelices was energized by a combination of interfacial tension and surface diffusion

induced swelling stresses.

a. In toluene (swelling) b. In ethanol (deswelling)

20 sec 2 min 8 min 143 min 5 sec 2 min 5 min 140 min

Figure 0.38 Surface diffusion induced transient helical deformation of macroscopic
PDMS ribbons. (a) Time-lapse images of the PDMS ribbon during swelling in toluene.
(b) Time-lapse images of the PDMS ribbon during deswelling in non-solvent (ethanol).

3.7 Conclusions

Through a combination of two surface-mediated phenomena: interfacial energy
and surface diffusion, related to small, soft, and swellable materials, we have provided
the first synthetic demonstration of Vorticella-like motion to realize fast and large helical
contractional motion of mesoscale actuators underwater.

This simple and novel design principle, where the geometry of a gel controls the
extent of and direction of bending, illustrates the applicability of the universal
mechanisms to a wide range of polymer gels. This new deformation mechanism and
actuation mode are promising for fast underwater actuators breaking through the

difficulties of swimming locomotion.
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CHAPTER 4
AUTONOMOUS SELF-REGENERATIVE SNAPPING MOTION OF NON-

EQUILIBRIUM POLYMER GELS

4.1 Conceptual insights
We present a new design concept for creating a self-contained polymer system
that can undergo regenerative autonomous snapping motions by utilizing non-equilibrium

swelling state of gels.

4.2 Project summary

Novel design principles for creating regenerative, autonomous snap-jumping
motion in a self-contained polymer system are developed. Transient metastable
deformations observed during the drying of a polymer gel are exploited to generate
mechanical bi-stability and realize multiple self-regulated snap-through transitions.
Conditions needed to produce autonomous buckling transitions are detailed by
considering the random buckling transitions of a rectangular strip. These lessons are then
translated to a flat disk where autonomous buckling is harnessed to drive motion in a
given direction. Novel fabrication strategies are utilized to tune device performance and
highlight trade-offs in the design process when optimizing jumping kinetics (t ~ 2 ms,
specific power ~ 310 W/kg) or specific energy output (Eou~ 2.2 J/kg). A numerical
model, validated experimentally, was used to confirm differential drying as the driving
mechanism for autonomous buckling. These devices, and the broader underlying design

principles, provide the first demonstration of an autonomous, self-regenerating high-
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speed movement, marking a significant advance in the development of energy-efficient,

high speed motion important for microscale robots and actuated devices.

4.3 Introduction

Power-amplified systems consist of springs and latches that enhance and
mediate power output of motors. With the help of a latching mechanism, even a
quasi-static development of force (Force x Velocity = Power ~ 0) from the motor
can be converted to a high rate elastic energy release rate [122] (Energy/duration
time). Buckling instabilities constitute a class of power-amplification mechanisms
that harness the internal constraints of snap-through transitions as a geometric
latch. Natural systems, such as plants and fungi, often use osmotic pressure
development in cells as a primary actuation mechanism [13, 16, 123] limiting their
dynamics and power by the transport kinetics of water. However, some
carnivorous plant species, such as Utricularia [124] and Dionea muscipula [35]
have overcome these limitations by adopting snap-through buckling in
advantageously shaped trap-like leaves. These organisms actively regulate the
spatial distribution of turgor pressure in their bi-stable leaves to initiate impulsive
buckling transitions as well as to reset the structures for the next predatory snap
[125].

While swelling-induced snap-through buckling of plant systems have
inspired many recent demonstrations of snap-based polymer gel devices [38, 126,
127], most devices are limited to a single snapping event in the absence of external
intervention. A life-like snapping motion, which is described as autonomous and

self-regenerative, has not been attained in gel systems due to the lack of internal
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self-regulating mechanisms. Autonomous swelling/deswelling was realized only
recently by self-oscillation chemistry (B-Z reaction) [128, 129]; however, this
process has not been capable of generating autonomous, high-speed motion.
Repeatable jumping locomotion is seldom realized in engineered systems [130]
due to difficulties in integrating multiple components (i.e., motor, spring, energy
storage, and control) in an energetically and spatially efficient way.

In this work, these challenges are overcome by designing devices that
harness the often overlooked processes of transient deswelling. This represents a
shift from previous approaches where devices were designed solely around the
equilibrium swollen and deswollen states. Such deformations have previously been
accomplished by designing spatial gradients in the distribution of swelling
response (i.e., hierarchical assemblies of materials with different crosslinking
density or non-uniform chemical affinity between polymer and solvent) [15, 22].
However, this work demonstrates that exploiting transient deformations enables
the generation of such motion in a system that is initially homogeneous in
structure.

We constructed a simple model system composed of a homogeneous
material subjected to minimal constraints during deswelling to determine both the
mechanism of motion and the required conditions for repeatable jumping
locomotion. Additional constraints were then imposed on the system in order to
elucidate the role of confinement on the development of self-regulating forces and
snapping dynamics. Understanding the mechanism of snap-through buckling

dynamics enabled the fabrication of a snap-jumping device capable of generating
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efficient, self-repeating locomotion. The richness of the design space is
demonstrated by showing that simple modifications readily tune jumping

performance (e.g., maximum jumping height, total vertical jumping height).

4.4 Background

4.4.1 Snap through buckling in nature

In nature, some plant species, such as Utricularia [124] (bladderworts) and
Dionaea muscipula [12] (Venus flytrap) have evolved a snap-buckling mechanism to
convert low power output of hydromorphic motors (Force x Velocity = Power ~ 0) to
high powered motion of trap doors (Energy/duration time = Power >> 0). These
organisms actively regulate the spatial distribution of turgor pressure in their bi-stable
leaves to initiate impulsive buckling transitions as well as to reset the structures for the

next predatory snap.

Open leaf

Closed leaf

-2 L L
-2 -1 0 1

o
Y

Figure 0.39 Curvature change of Venus flytrap leaves. Reprinted with permission from
ref [12].
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Forterre and coworkers discovered that the shape of leaves is determined by
minimizing the elastic energy (Uei = Upending + QUsrerching) [12]. Where a s a
dimensionless geometric parameter (0. = L*x? /h?), which determines the contribution
between bending and stretching deformations regarding the leaf thickness h, the leaf size
L, and the observed curvature of the open leaf k. A snap closing of leaf was observed
when a is larger than a certain value (ac~ 0.8). Otherwise, the leaves do not snap or reach

the closed state [12] (Figure 4.1).

4.42 Prerequisite conditions for snap buckling transition
The similar geometrical parameter that determines the transition between bi-stable
states was derived by Pandey and coworkers [19]. Based on classic dynamic beam

equations, they derived an expression of “stretchability” that measures the relative

2
influence of bending and stretching energies (S = #, where L is the length of the beam,

h is the thickness). When the beam is compressed axially by AL, snapping transition

happened when % > 4712, where d is AL/L (Figure 4.2).

a 2
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Figure 0.40 Snap-buckling of confined beam. Reprinted with permission from ref [19]
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In the study, the snapping was induced by applying external force (F) at the
middle point of the beam. They could also relate the indentation force with the
geometrical and mechanical parameters of the beam. Noteworthily, the indentation force

reached maxima and reduced during indentation (negative stiffness).

4.43 Autonomous motions in swelling or deswelling objects

In engineered systems, autonomous motion has been scarcely reported. The “self-
walking” gel actuator developed by Maeda and coworkers [128], first showed a
biomimetic motion by harnessing self-oscillating swelling-deswelling transition of a
hydrogel-based on Belouzov-Zhabotinsky (BZ) reaction [131].

Another example of autonomous motion was found by Holmes and coworkers.
During the non-homogeneous swelling-induced buckling of disk-shaped gel, an arbitrary
rotation of buckle wave was found (Figure 4.3b). However, the mechanism for the

dynamic buckling was not explained.

3 ' = E -
o e ol e ]
I > » I | . B _
Figure 0.41 Dynamic rotation of buckling wave during transient swelling of a disk.
Reprinted with permission from ref [34]
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4.5 Experimental details

4.5.1 Materials

Crosslinked poly(dimethylsiloxane) (Sylgard 184, Dow chemical) (PDMS) and n-
hexane were selected as a model material system for the identification of the mechanism
of the spontaneous motions due to their well-characterized poroelastic properties [26]. N-
hexane (> 99%, Fisher chemical) was selected as a solvent because of its high affinity to
the polymer equilibrium swelling ratio, g.;= (Vswel/ Vo) - 1 = 0.43 £ 0.02, determined
experimentally at equilibrium state of PDMS in n-hexane), fast diffusion kinetics (D ~
3.6 x 10° m?s!, determined by an indentation method described in 2.5.3) and its fast

evaporation speed (relative evaporation time = 8.4 [132], when n-butyl acetate = 1).

4.5.2 Preparation of PDMS sheets

PDMS sheets were fabricated by curing a degassed mixture (10 : 1 : 0.015 w/w)
of prepolymer, curing agent (Sylgard 184, Dow Corning) and titanium(IV) dioxide
nanoparticles (~21 nm, Sigma Aldrich), in between two glass substrates and an inserted
spacer with various thicknesses (ho ~ 0.3 ~ 0.6 mm). The curing step was performed at

333 K oven for > 9 hours.

4.5.3 Preparation of PDMS discs
Cured PDMS sheets were cut and engraved by a laser cutter (Universal laser
systems, resolution ~ 20um) by controlling power and speed properly to ensure the

uniform groove depth for entire samples.
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Figure 0.42 Design of grooved jumping shell (a, b) Schematics of grooved jumping shell
showing geometric parameters. Concentric circular groove patterns (n = 5) was engraved
(R1=0.14 Raisk, R> = 0.28 Ruaisk, R3 = 0.42 Raisk, R4=0.56 Raisk, Rs = 0.7 Ruisk) on the one
face of a PDSM disk. The groove depth and angle were set to ~ 35% of total thickness
and ~ 35 degrees. (c) An optical image of the cross-section of a PDMS sheet (4 ~ 0.4
mm) engraved by a laser cutter

4.5.4 Solvent swelling of PDMS
In this research, PDMS samples were fully swollen with solvent before analyzing
deswelling phenomena. Time required for the swelling of a PDMS sample was

determined based on a calculated value of 201',,.

4.6 Results and discussion

4.6.1 Continuous snap-through transitions of deswelling polymer beams
We made a thin strip (thickness (/9) ~ 0.2 mm, width (bg) ~ 5 mm, length (Lo) ~
60 mm) of PDMS by cutting a molded sheet. The strip was fully swollen with n-hexane,

then placed on a sheet of black poly(tetrafluoroethylene) (PTFE) (Figure 1). PTFE was

chosen to minimize the effect of friction on the dynamics of the strip, as well as to
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prevent absorption of the solvent into the substrate. During the initial 90 seconds of the

deswelling process, the strip deformed into buckled geometries (mode: 1, 2, or 3, x;, k2
# 0) and continuously transformed into different shapes in a random manner. The

complex buckling transitions consisted of smooth deformations and impulsive buckling
transitions (Figure 4.5a) and quasi-static deformations.

To analyze the impact of local snap-through buckling transitions on the dynamics
of the system. The change in the position of the apparent center of the mass (C.M, the
average position of the captured optical image, Figure 4.5b. middle) and the one end-
point (tip, Figure 4.5b. right) were tracked. The average speed of the C.M was ~0.007 m
s'!, and its maximum speed reached ~0.2 m s!. Meanwhile, the average speed of the tip
was 0.018 m s™!, and its maximum speed reached ~1.1 m s™'. No regularity was found in
the frequency of occurrence and the extent of the snap-through motion (Figure 4.5¢).

In the case of isotropic volume contraction of a gel, the time required for de-
swelling can be approximated as the same scale with the poroelastic time for the swelling
process. With this approximation, the tip speed (V,,,¢) of contracting gel with one fixed
end can be estimated as Eq. 4.2 by accounting initial dry length (L), equilibrium swelling

ratio (€4), the poroelastic time (7, ), and the poroelastic diffusion coefficient of n-hexane

(Dpex ~ 3.6 x 10° m? s°!) in the PDMS. The poroelastic time of PDMS gel in Figure 4.5
was calculated as ~ 6.3 seconds. With that, the speed of moving end (tip) in a strip with

one fixed end was estimated as ~ 1 mm/s.

Veont = AL/ h = 0.9 X Ly X &4 /37, (4.1)
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Figure 0.43 Continuous snap-through buckling transitions of a swollen PDMS strip (ho ~
0.2 mm, bo ~ 5 mm, Lo ~ 60 mm, as prepared). (a) Time-lapse images (interval = 0.125 s)
showing buckling mode change (2 — 3 — 2) during two consequent snapping process.
(b) (left) Scheme of the position change of the center of mass (C.M) and one endpoint
(tip); Sequential position changes of the tip (middle) and the center of mass of the
projected image (left) was captured every 0.33 seconds (lines were shown to guide the
sequences). (¢) Mean linear speed changes of the tip and C.M calculated by dividing the
linear distance between two trajectories by the interval time. (d) Frequency distribution of
the mean linear speed of the tip grouped into 10 regions based on the maximum speed
observed. The average speed of one endpoint was 21 mm/sec. About 20% of the total
time, the tip speed exceeded more than 10 times of the average speed.
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a. Shrinking b. Bending

c. Unlatching d. Snap-buckling

Figure 0.44 Four possible deformation modes of a deswelling PDMS strip.

The expected speed of a tip by a bending deformation was estimated based on the
previous studies on the non-homogeneous swelling induced deformations [34].
According to the study, after the inhomogeneous swelling condition was applied by the
localized application of n-hexane on PDMS beam, about two times of the poroelastic
time of the beam was required for generating maximum bending curvature
(kh/&eqq ~ 0.35) in the structure. Again, assuming similar dynamics between swelling
and de-swelling process, the maximum speed of the tip was calculated as ~4.6 mm/s by
Eq. 4.3.

Ly X (1+eeq)—%

Vbena = T (4.2)
14

Statistics on the occurrence of different speeds of a tip during the initial de-
swelling process, showed (Figure 4.5d) that the tip moved within the same magnitude of

the speed expected from the contraction or bending deformations. On the other hand,
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about 20% of the duration, the tip speed exceeded more than two magnitudes higher than
the expected speed of continuous deformations. Along with the changes in the sign of the
curvature (Figure 4.5a), the extraordinary fast kinetics supports the idea that the motion
was driven by snap-through buckling transitions.

We conducted a control experiment to check the effect of dye particles or non-
uniform drying condition applied by the impermeable substrate by placing a fully swollen
transparent PDMS strip in a glass desiccator (~ 100 x 100 x 200 mm), while hanging
vertically with one end pinned to a thin wire connected to the lid of the desiccator. The
lid was closed immediately upon placement in the desiccator to minimize the influence of
external air flow on observed motions. The strip still underwent snap-through buckling
transitions disproving the effect of non-homogeneous deswelling condition or

heterogeneous material compositions on the generation of snap transitions (Figure 4.7).

Figure 0.45 Various deformed shapes of a free-deswelling PDMS strip. A PDMS strip (40
~ 0.2 mm wy ~ 5 mm, Ly~ 50 mm) initially swollen with n-hexane was placed in a
desiccator with one end connected to the lid by wire
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According to previous studies on the dynamics of snapping beams [19], three
conditions must be satisfied to induce snap-through buckling transition: 1. sufficiently
large lateral constraints, 2. a higher tendency for bending than compression (longitudinal
deformation), and 3. sufficient transition force for curvature sign change. In this
experiment, the extent of lateral confinement is controlled by the non-uniform
distribution of the evaporative flux of the solvent along the length of the beam. When the
solvent evaporation is sufficiently faster than the internal diffusion rate (diffusion-
limited), crosslinked PDMS networks contract (deswell) faster at the near-edge region
than the mid-face region due to the large portion of surfaces exposed to air.

The proposed buckling mechanism was modeled as Figure 4.8 using a simple
numerical model that we developed based on an analogy between diffusion and heat
transfer phenomena [133]. We input modified thermomechanical parameters (heat
expansion coefficient (o), heat transfer coefficients for bulk and surface heat transfer) to
reflect the volume change of the PDMS strip by imbibition of n-hexane and the diffusion
and evaporation kinetics of the solvent in/on the PDMS strip. Notably, experimentally
measured equilibrium swelling ratio (geq = 0.43) and poroelastic diffusion coefficient of
n-hexane (D = 3.6 x 10° m? s') was used as modeling parameters.

To model the deswelling induced buckling transition of the PDMS strip (49 ~ 0.2
mm, wo ~ 5 mm, Ly ~ 60 mm), we set the equilibrium swollen state (¢ /e, = 1) as the
initial condition of the analysis. As the loading condition, a homogeneous deswelling was
then applied (at = 0) by changing solvent concentration of the medium to zero. The
transport of solvent from the bulk of strip to the medium was mediated by the interfaces,

where the largest concentration gradient was applied, thus the deswelling rate () was
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faster at the interfaces, termed as corners (the green region in Figure 4.8b), than the
central region, termed as center (the red region in Figure 4.8b). The faster deswelling of
corners exerted compressive stresses on the center (Figure 4.8c¢), causing buckling of the

strip. The effective strain of the strip was modeled as:

rcornertdry - Tcentertdry _ Ecorner(t) - gcenter(t)

(4.4)
Tcenter tdry Ecenter (t)

It was compared with the critical buckling strain (&) of the strip, which was

derived as:

(4.5)

Where P. is the Euler’s critical buckling force, 4 is the cross-sectional area of strip, and /
is the moment of inertia for bending.

The &, for the strip was in the order of 107, therefore the strip could be buckled
during the deswelling process.

If the thickness of a strip is sufficiently small, the stress applied by contracting
edges is large enough to cause lateral buckling of the strip due to the scaling relation

between the critical buckling strain and geometries of a strip (gc & (4 /L)?).

84



Figure 0.46 FEM of buckling phenomena expected in the deswelling PDMS strip (49 ~ 0.2
mm, wy ~ 5 mm, Ly ~ 60 mm). (a) Contour plots of the normalized swelling ratio (¢ / &eq)
att ~ 12 s. (b) The normalized swelling ratio distribution in the midplane of the PDMS
strip (the blue box in (a)). (¢) Longitudinal stress distribution in the midplane of the PDMS
strip

A remaining question is then, what is the source of transition forces that
regenerate in self-regulating manner. We hypothesized four possible mechanisms that
could generate transition forces which changes the direction of forcing in a self-
regulating manner. The four proposed mechanisms are: 1. Internal migration of solvent
from compressed regions to stretched regions (stress-induced solvent redistribution); 2.
Differential vapor pressure of solvents on curved surfaces (Kelvin effect); 3. Differences
in the surface area across the neutral bending axis; 4. Slower de-swelling of concave

region (negative average curvature) due to the stagnation of solvent vapor in the concave

region.

85



Among these proposed mechanisms, the stress-induced solvents migration effect
was disproved by an experiment conducted in the water. When a buckled strip, which
will readily undergo snap transitions in the air, was submerged in water, no buckling
transition was occurred due to the exclusion of the de-swelling condition.

The vapor pressure differences at the curved surfaces (Kelvin effect [134]) was
also neglected, due to the negligible differences (< 0.01%) in the vapor pressure between

the two surfaces as Eq 4.6.

P 2vV,
In— =
P,  TRT

(4.6)

Where, V,, is mothe lar volume of solvent, y is the surface tension of liquid, r is the
radius, R is the gas constant, and T is the temperature.

The surface area differences between the convex (mean curvature > 0) and
concave (mean curvature < 0) surfaces in the buckled structure can significantly affect
the volume change rate as the normalized surface area differences in the buckled
structure can be as large as 7.5% for the strip in Fig. la (h=0.3mm, r; ~ 1, ~ 8 mm,

measured) by Eq 4.7.
—= h(—+—> (3.7)

In the case of the fourth hypothesis, the effect couldn’t be quantified due to the
complexity of the swelling phenomena. However, the mechanism also impacts the
formation of indentation force as the same direction as the differential surface area effect

by applying counter forces to the buckled directions.
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4.6.2 Generation of internal, self-regulating transition forces in the buckled

polymer gel strips

In a free deswelling beam, the non-uniform evaporation of solvent along the
beam, which controls lateral constraints, is controlled by the thickness, solvent, and
interactions with the substrate. These factors couple to influence the speed and number of
snapping events during deswelling; therefore, to understand their independent
relationship to the snap-through characteristics rigid end grips were used to apply a
specified degree of lateral confinement. In Fig 4.9a, Scheme of the process for generating
self-repeating snap transitions in externally confined polymer gel strips and the
coordinate-system were shown. The initial lateral confinement (dy) was denoted as the
rigidly applied displacement of the beam ends (4L) divided by the initial value of the
length of the swollen strip (Lswer = Lo % €¢q). The deswelling PDMS strips underwent

snapping transitions with the sign of curvature (&) alternating over short times (< 0.3 s)

upon application of the lateral constraints. The transitions occurred in the form of
antisymmetric, mode-2 Euler buckling, which is energetically favored over symmetric
transitions [19].

The total number, frequency, and speed of snap transitions during de-swelling
depended upon the extent of lateral confinement and thickness. The number of snap
transitions had a complex dependence on beam thickness and lateral confinement. In
Figure 4.9b, time-lapse of the snap-through transition process (modes 1 — 2 — 1) of a
buckled strip (49 = 0.5 mm, wg =5 mm, Ly = 50 mm) constrained by moving a linear
actuator (4L = 10 mm) were shown (top). The dependence of number of snap-transitions

on the thickness and the extent of initial confinement were analyzed too (bottom). Lateral
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constraints that were too small and too large limited, or even prevented, snap transitions,
thus suggesting that the number of transitions for a beam of given dimensions can be
maximized with an appropriate degree of lateral constraints (e.g. 49 ~ 0.5 mm data in
Figure 4.9b). In fact, the lateral confinement can be changed continuously to further
enhance the number of transitions (more than 20 were observed for 4 ~ 0.5 mm when the
degree of confinement changed at a frequency of 0.0012 s™!). Similarly, the number of
transitions can also depend non-monotonically on thickness. This trend originates from
the existence of the two time-scales: the time for the reduction of the confinement due to
the volume contraction and the time for the development of the internal transition forces
due to asymmetric evaporation. For thicker beams, longer development times for
reaching the critical transition force are required, while for thinner beams, lateral
confinement is reduced more quickly due to faster volume contraction rates. Both
decrease the total number of snap transitions during the deswelling process. While the
number of snap events has a complex dependence on lateral confinement, the maximum
speed achieved depended directly on lateral confinement (Figure 4.9c,d), similar to the
trend found for externally-induced snap transitions of buckled beams [19].

Additionally, we tested the effect of the loading condition on the dynamics of
snap transition by changing the solvent from n-hexane to toluene (> 99 %, Fisher
chemical) which has low poroelastic diffusion coefficient (D~ 1.0 x 10° m? s in
PDMS) and low evaporation rate (~ 2.24 relative to n-butyl acetate) but similar
equilibrium swelling ratio (€0, ~ 0.40). While the maximum achievable speed was not
dependent upon solvent properties (Figure 4.9d), the number of transitions did increase

for toluene swollen systems due to the longer evaporation times. Importantly, the
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independence of maximum speed on solvent choice emphasizes that the snap dynamics

are dictated solely by the dimensions and degree of lateral constraint.
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Figure 0.47 Autonomous snapping motions of externally buckled PDMS strips. (a)
Scheme of the process for generating self-repeating snap transitions in externally
confined polymer gel strips and the coordinate-system (b) (top) Time-lapse of the snap-
through transition process (modes 1 — 2 — 1) of a buckled strip (/dry = 0.5 mm, wary =5
mm, Ly =50 mm) constrained by moving a linear actuator (4L = 10 mm); (bottom)
number of snap-transition observed for different thicknesses and various extent of initial
confinement. (¢) A plot of the vertical displacement and the speed changes of middle
point of the strip shown in the image of (b). (d) Maximum speed dependency on the
solvent used at different initial lateral confinements (do).
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4.6.3 Repeatable snap jumping motions of self-formed, self-contained jumping
shells

The lessons provided by the repeated, fast snap transitions of the de-swelling strip
suggested that an appropriately designed geometry could provide repeated, directed
motion. As a demonstration of this concept, we fabricated an axisymmetric shell
structure, which allowed for a predetermined buckling mode and location of maximum
displacement. Furthermore, the shell structures were designed to have structures to
provide integrated constraint and maximum transient swelling strain gradients through

the thickness, thus enhancing the corresponding snap transition forces (Figure 4.10).
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Figure 0.48 Transient formation of a hemispherical shell from a flat disk. (a) Scheme of
the formation of a hemispherical shell under asymmetric deswelling condition (i, i1), and
its jumping motion after a certain period of time (tqevelop) after being flipped manually (iii,
iv). (b) The progress of the extent of buckling evolved in a PDMS disk (Rop=5 mm, /g =
0.6 mm). The disk with circular groove patterns on one side of surfaces was deformed to
more confined structures than the disks with no groove pattern. The similar definition for
accounting lateral confinements (d = AL / L) was used to draw an analogy to the
previously discussed systems. (¢) The time-dependent deformation of discs was modeled
numerically. The contour plots represent the normalized swelling ratio (&/€eq)
distributions in the structure.
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The repeated-jumping shell structures were developed from a homogeneous
PDMS sheet. Circular discs were laser cut from the PDMS sheet, and circular groove
patterns were laser engraved in the core region (Reore / Raisk = 0.7). The discs were
swollen with a good solvent (n-hexane) to a fully equilibrated, flat geometry. The swollen
discs were then dried for a specified time (A#,rep) With the groove side facing a substrate.
Upon drying, the discs deformed into a hemispherical cap due to the evolution of
transient swelling strain mismatch in the thickness direction (&groove > €no-groove) as well as
the radial direction (€core > Eannuius). The reason for the strain mismatch in radial direction
has already been explained above. The additional generation of the strain gradient
through the thickness direction can be explained with the excess solvent trapped inside
the grooved regions due to capillary effects.

To harness the snap transitions for jumping, the snapping shells were placed on a
substrate. The impermeable substrate served two purposes. First, the de-swelling rate
differences between the top and bottom surfaces were greatly amplified by the retardation
of evaporation at the surface contacting the substrate. Due to this asymmetric drying,
when a hemispherical shell was placed on a substrate in a concave down shape (Figure
4.10a), the time (Atgeveiop) required for developing transition forces was much shorter than
the time required for the free-standing condition. In addition, hemispherical shells with
larger lateral confinement were formed by applying the asymmetric de-swelling
condition. Depending upon how long the drying discs placed on the substrate (#,r¢p), the
lateral confinement evolved from zero to a maximum value (at # /7, ~ 5) then relaxed

back to the flat geometries after a prolonged period of time (at ¢ / 7, > 15)(Figure 4.10b).
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The circular groove patterns helped to generate higher and more stable curvatures
compared to discs without groove patterns (Figure 4.10b).

The occurrence of snap transition depended on the dimensions of the discs
in these experimental conditions. Only certain hemispherical shells underwent limited
snap-through transitions during the prolonged drying process in the air. In Figure 4.11,
jump heights of disks with various aspect ratios (2R / ho) and thicknesses were plotted
regardless of taevelp to provide rough ideas on the effect of geometries. AR = 16 was

chosen for the rest of analysis due to the high performance it showed.
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Figure 0.49 Snap-jumping heights of PDMS disks with various aspect ratios and
thicknesses. Data were shown regardless of tgevelp to provide rough ideas on the effect of
geometries.

The dynamic jumping performance of the formed shells was analyzed by
recording the first snap-through transition with a high-speed camera (Photron Fastcam

SA3) at 20,000 fps. In Figure 4.12a, time-lapse images of snap-transition of a

hemispherical shell (Rp =4 mm, /49 = 0.6 mm, #,.., = 40 s) were shown. The buckling
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transition finished within 2 milliseconds after a prescribed Atgeveiop. The absolute
timescale was not measured due to the variability in the deswelling caused by the high-
intensity light required for video. Instead, the vertical speed of a tip, representing the
speed of snapping motion, and the speed of the C.M were analyzed in Figure 4.12b. The
maximum speed of the C.M (~ 1.5 m/s) reached about 50% of the tip speed (~ 3 m/s).
The following peak shows that there were vibrations after a snapping event.

Not only did the deswelling-induced snap transitions produce a single high-speed
jump event, but the self-formed shells also underwent multiple snap-transitions without
additional swelling. In Figure 4.12¢, Time-lapse images (interval = 0.33 s) of
consecutive snap jumping motions of a hemispherical shell (Rp =5 mm, /49 = 0.6 mm, ).,
= 180 s) were shown without re-swelling of solvent. For the analysis of autonomous, self-
repeating jumps, we measured the vertical jumping heights and the weights of the shell
with a balance underneath the substrate (Figure 4.12d) in order to understand the effect of
the preparation time on the dynamic performance.

Based on the vertical jump height (4H) and the mass (m) of the system, the output
energy by snapping (AE = mgAH, where g is the gravitational acceleration) at different
conditions were calculated (Figure 4.13). The output energy of the initial jump was found
to reach an upper limit (4Eax ~ 50 WJ, AHmax ~ 8.5 cm) at preparation times of
approximately 180 s similar to the trend of lateral confinement change during the
preparation step (Figure 4.13b). A peak specific power density (~ 280 W kg™!) of the
jumping shell was calculated based on the initial mass (m ~ 80 pg) and the duration of
snap-through motion (2 ms). Surprisingly, it was comparable to the peak muscle power of

high performance jumping animals (e.g. Cuban treefrog ~ 300 W/kg [135]).
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Figure 0.50 Details of the dynamic performances of hemispherical shell jumping on a
substrate. (a) Time-lapse images of snap-transition of a hemispherical shell (Rp =4 mm,
ho= 0.6 mm, t,., = 40 s) taken with a high-speed camera (interval between frames = 0.5
ms). (b) Plot of the vertical speed changes of one endpoint (tip, square) and the center of
mass (C.M, circle). (c) Time-lapse images (interval = 0.33 s) of consecutive snap
jumping motions of a hemispherical shell (Rp =5 mm, /49 = 0.6 mm, #,-,, = 180 s) without
re-swelling of solvent. (d) A plot of the vertical jumping height and the weight changes of
the shell in (¢) (the average of the measured weights for 5 runs of experiments on the
same shell).
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Figure 0.51 Dynamic performances of the first jumps of hemispherical shells (Ryp =5 mm,
ho = 0.6 mm) prepared at different initial de-swelling conditions. (a) A plot of the vertical
jump heights (Square: groove, Triangle: no-groove) and the weight changes (circle) of
the grooved shell prepared at different initial de-swelling times (n = 5 or 6) (b) The
output energy of the real system (filled) calculated based on the potential energy change
of the shells during jumping. (c) Plots of consecutive jumping heights and the output
energy calculated based on the mass and jumping height.

Note that the shells with small lateral confinement due to the short de-
swelling times (¢,rp = 20 s) only underwent smooth transitions, without snapping, to the
inversely curved structure. Also, discs without grooves could not undergo snap-through

transitions even after 60 seconds of preparation time supporting the effect of groove
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patterns on increasing the ratio of in-plane stretching stiffness to out-of-plane bending

stiffness (Figure 4.13a).
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Figure 0.52 Snap-jumping phenomena of a PDMS disk (Rp =5 mm, /9 = 0.6 mm, &ey =
0.43) analyzed by the finite element model. (a) The swelling ratio (&) and shape change of
the disk during asymmetric deswelling (¢, = 180 s), and the consecutive snapping. (b)
Plots of the strain energy in the function of different preparation conditions (zyrep = 45 ~
240 s).

Snap-jumping phenomena of a PDMS disk (Rp =5 mm, /49 = 0.6 mm, &, = 0.43)
were analyzed by the finite element model developed in section 4.6.1. The swelling ratio
(¢) and shape change of the disk during asymmetric deswelling (-, = 180 s), and the
consecutive snapping were presented in Figure 4.14. The model predicted that the disk
will undergo a snap-buckling transition at about 35 seconds later being flipped, it was
corresponding to experiments (36 =2 s.). A sudden (At < 10® s) curvature change was
predicted by the model in contrast to the experimental value (~ 2 ms). The discrepancy
originates from the neglection of inertia effect in the modelling. In Figure 4.14b, strain
energy change of the disk at different preparation conditions (#rep = 45 ~ 240 s) was

plotted. After a certain period of time for developing transition forces, sudden drop of
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elastic energy was accompanied by the curvature change. The extent of elastic energy
drop corresponded to the potential energy change calculated in Figure 4.13b, which
represents that most of energy for snap-jumping was Considering the energy loss due to
the adhesion between the substrate and the frictional loss by the air, the agreement
between the experimental results and the numeric model was remarkable.

The key development of the designed snapping shells presented here is the ability
to achieve multiple snap-through jump transitions without additional solvent, or fuel. We
measured the output energy of each jump of shells with the same geometry but different
times of preparation in order to demonstrate the ability to optimize the cumulative energy
transferred from a single device (Figure 4.13c). Although the maximum first jump height
was acquired for £, ~ 180 s, the maximum energy transferred occurred for discs with

tpi’ep ~45s (AEtotal ~ 180 l.,lJ)

Figure 0.53 Application of the autonomous snapping mechanism for the various
performance requirements and purposes. (a) A snapping shell going down a sloped
substrate (angle ~ 6°) demonstrating a strategy of translating vertical displacement to
horizontal displacement (b) Strategies for overcoming performance limits in the system.
Using the ability of repeatable jumps, a potential limit in the jump height (~ 85 mm) of
snapping shell was overcome.
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The autonomous snapping mechanism can be used to complete complex tasks.
For example, the vertical displacement of a jumping shell was directed into horizontal
displacement with consecutive snap-jumps occurring on a sloped substrate (Figure
4.15a). Additionally, multiple smaller vertical jumps were used to climb a ladder

autonomously (Figure 4.15b).

4.6.4 Controlled biasing for the improved probability of multiple jumps

Since we utilized the asymmetric evaporation rate of solvent between the convex
surface, which is exposed to air, and the concave surface, which is covered by a substrate,
to build large transition force for snap-through buckling transition, the probability of
landing in the right position (concave-down) is important for the autonomous repeatable
jumping.

We tested several ideas to increase the probability of repeatable jumping by
biasing the landing position, such as blowing of air from the side to control the stability
of landing position, connecting two jumping shells to make at least one jumping shell
have concave-down position, or controlling the slope of substrate to roll down the

concave surface.
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Figure 0.54 Schematics of various methods tested for biasing preferred landing position
of jumping shells to improve the probability of autonomous repeatable jumping. (a)
Blowing of air from one side (b) Connecting two jumping shells to increase the
probability of proper landing (c) Sloped substrate to control the stability of landing
position

O
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4.7 Conclusions

In this contribution, we presented novel design principles for fabricating
autonomously controlled power amplified polymer gel devices. We utilized meta-stable
structures and asymmetric transformation paths, occurring during the deswelling of a
polymer gel, to generate repeated, high-speed motion that could be harnessed to achieve
multiple, autonomous jumping events. Most importantly, the principles outlined here
provide a broad base for utilizing appropriately designed snap-through structures for a

variety of energy-efficient movements.
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CHAPTER 5

CONCLUDING REMARKS

5.1 Summary of work

The work presented in this thesis is focused on understanding how material
properties and geomtery are related to impulsive motion of syntheitic systems.
Specifically, we have focused on two goals: 1) establish the principles of fabrication for
impulsive components, and, 2) resolve the roles of materials properties and geometry for
achieving asymmetric energy flow.

We used scalable fabrication methods, such as flow coating, molding, laser
cutting and engraving to prepare polymeric gels with asymmetric cross-sectional
geometries. We utilized unbalanced distribution of surface-mediated stresses, including
interfacial tension and surface swelling-indued compression across the neutral bending
axis of a polymeric gel to induce global bending deformation of the object. These new
design concepts aided us in fabricating unprecedented mesoscale actuators that can
exhibit large system strain change and fast helical contraction in response to various
types of stimuli.

We analyzed the surface stress-induced bending of polymeric gels by numerical
and analytical methods. With these efforts, we could describe the underlying materials
and geometric mechanisms. Scaling laws and numerical models were developed and
harnessed to model various non-equilibrium swelling-induced deformations, including

snap-driven jumping devices.
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We developed a model impulsive system, which integrates important impulsive
components: latching mechanism (bi-stable buckling), motor (drying stress), spring
(elastic buckling), and energy supply (solvent swelling), within a single-body system.
Non-equilibrium swelling states were harnessed to induce transient buckling of thin
polymeric gels. Taking advantages of buckling instabilities, the intrinsic scaling relation
between the size of system and the speed of swelling-induced motion was overcome,
which were the main drawbacks of typical polymeric gel actuators. Furthermore,
continous change in the swelling state of polymeric gels was utilized to generate
autonomous, snap-through buckling transitions of the transiently buckled gels. These
devices, and the broader underlying design principles, provide the first demonstration of
an autonomous, self-regenerating high-speed movement, marking a significant advance
in the development of energy-efficient, high speed motion important for microscale

robots and actuated devices.

5.2 Future directions

While this thesis does answer many questions related to the influence of materials
and geometries in the surface-stress induced dynamic shape-change phenomena of
polymeric gels, it also leaves many open questions and future experiments. In this
section, we propose some significant questions that need to be examined for the
development of the design principle and other relevant researches on polymeric gels.

Regarding the stimuli-responsive helical contraction of mesoribbons, we have
pointed out the significant influence of stimuli dynamics on the speed of helical
contraction. We have confirmed this influence by conducting experiments under two

different stimuli conditions: slow temperature ramping and fast pH change. However,
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studies on the dynamics of stimuli were limited due to the difficulties in measuring fast,
local change of temperature or pH. We predict that helical contractions would be
accelerated by the use of faster stimuli conditions, such as light-assisted phase transition,
including plasmonic heating or light-responsive phase transition (e.g., spyropyran-based
dynamic materials [103, 136—138]). We have tried to incorporate gold nanoparticles or
copolymers of NIPAm-spiropyran derivatives to mesoribbons, but failed to create
discrete, well-defined mesoribbons by flow coating. We assumed that the incompatibility
between the material and the substrate (glass) or sacrificial layer (polyvinyl alcohol)
prevented the formation of well-defined mesoribbons. If this problem was overcome, the
fabrication of remotely and locally controllable helical actuators with potentially
improved kinetic performances would be possible.

In this thesis, we did not rigorously exploit the advantages of the different path of
bending between the transient swelling process and transient deswelling process. The
opposite sign of bending, for example, would be useful for creating self-tying structures
or self-locking structures applicable for suturing wounds or self-healing of microscale
devices. The dependence on the stimuli dynamics would be useful for creating chemical
sensors or temperature sensors that react to the gradient of stimulus change.

We have open questions regarding the snapping shells as well. We have tried to
realize the snap-jumping mechanism with hydrogel and water since the efficient
utilization of ambient heat and abundant resources would result in the development of

new types of energy harvesting devices [139].
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