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Abstract

This dissertation demonstrates design, characterization, and application of
stimuli responsive self-folding soft microsystem. Stimuli responsive self-folding
soft robotics is an emerging attractive field to mimic motions of biological systems
by utilizing hydrogels, polymer or hybrid combination of them, which guide three
dimensional (3D) shape change. The stimuli responsive soft robotics have
numerous distinct advantages such as lightweight, inexpensive, flexible, easy to
design, and able to operate in aqueous environments with no aids of complex
feedback sensors, wires, tethers or batteries, as different from conventional

electrically or pneumatically driven metals or/and ceramic based robotics.

To establish the foundations of collective innovations and integrated
intelligent biomimetic stimuli responsive microsystems, a self-folding strategy can
be adapted. Self-folding is a new paradigm to manipulate 2D thin film structures
transforming to 3D when triggered by external stimuli such as heat, pH, light, ionic
strengths, mechanical stress, magnetic or electrical fields etc. In order to broadly
implement this strategy, nanoelectromechanical systems (NEMS) and
microelectromechanical systems (MEMS) inspired high throughput
photolithography can be adapted. Conventional VLSI fabrication such as
photolithography, etching, physical vapor deposition (PVD) can provide reliable
and reproducible approaches to pattern particular designs of polymer or/and

hydrogels in a cost-effective manner.
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Finally, this dissertation demonstrates the design principles, materials
characterization and high applicability of those reconfigurable stimuli responsive
self-folding soft microsystems for a variety of applications such as soft robotic

actuators, biological biopsy tools, and reconfigurable opto-electrical sensors etc.
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1. Dissertation Outline

Stimuli responsive self-folding soft microsystems have many advantages to
enlarge schemes of conventional robotics paradigm. Traditional pneumatic, hydraulic,
or electrical driven actuation systems are well-developed. However, these
reconfigurable systems require tethers or wires connected with an external energy
supplier such as batteries. Thus, these actuation systems suffer from limitations to
the maneuverability for microsystems such as the difficulty in reaching areas within
the human body or complex microfluidic channels in lab-on-a-chip devices. In order
to overcome these limitations, alternative strategies are required. As one of the
alternatives, innovative stimuli responsive microsystems have been proposed in
Chapter 2 with brief reviews of biomedical devices such as drug delivery and biopsy

tools.

After reviewing biomedical applications in Chapter 2, stimuli responsive
biomimetic untethered microscale actuators are introduced in Chapter 3. In specific,
this chapter starts with an innovative methodology that utilizes photolithography to
create smart hydrogel based actuators by utilizing stimuli responsive materials such
as poly (N-isopropylacrylamide) (pNIPAM). Later in this chapter, potential of multi-
functional applications, such as biomedical drug delivery capsules, biopsy tools,

multi-scales actuators, and optical mirror systems, are described.

After discussing an initial background of innovative photolithographic approach
to fabricate stimuli responsive hydrogel based systems in Chapter 3, sequence-

selective and highly swellable intelligent DNA crosslinked soft chemomechanical

XV



actuators have been introduced in Chapter 4. Most of the current chemomechanical
systems respond to conventional triggers such as light, heat, or pH; however, in this
chapter, DNA hybridized self-folding chemomechanical microsystems are described,
which have a high selectivity of folding orders in response to DNA input of particular
sequence. These DNAs responsive micro devices could be envisioned to even develop

autonomous soft robots and metamorphic materials.

Furthermore, chapter 5 explores an innovative concept of bio-friendly soft micro
gripper systems for soft robotics and surgical applications. Untethered small scale
reconfigurable soft robots could provide numerous advantages such as micro-
assembly, pick-and-place microscale targets for lab-on-a-chip applications, and
minimally invasive surgeries. In order to prove the concept of less- or non-invasive
biopsy tools, soft micro grippers have been introduced. Especially, materials selection,
fabrication design, and characterization of soft grippers have been discussed. In this
chapter, thermally and magnetically responsive soft micro grippers have been
demonstrated for pick-and-place biological materials in order to prove the concept of
less invasive untethered micro surgical tools for biopsy. This chapter analyses the
potential of soft micro gripper system as an alternative to the conventional tethered
or/and rigid micromanipulators. Finally, self-folding mechanism of these soft

grippers are analyzed by using FEM simulation.

In Chapters 6 and 7, autonomous navigation of untethered soft micro grippers
has been discussed to validate the possibilities for pick-and-place tasks and to

manipulate the biological materials precisely in unstructured environments. In order

XVi



to conduct complex tasks remotely in hard-to-reach environments, Chapters 6 and 7
demonstrate the capabilities of navigation and manipulation of soft grippers
controlled by a both magnetic field gradient as well as the temperature change in the
workspace. Finally, these two chapters describe further innovative untethered soft
grippers that are thermally and magnetically responsive, which can be guided by

precise haptic and ultrasound feedbacks.

In Chapter 8, in order to design high performance electronic and optical devices,
solvent-driven self-folding three dimensional (3D) flexible substrates are
incorporated with graphene, which is one of the 2D layered materials (2DLMs). In
contrast to planar graphene sensors on rigid substrates, curved and folded sensors
can be assembled with smaller form factors due to their 3D geometry and a large
surface area from their multiple rolled architectures. Characterization of electrical
and optical properties of these devices reveal the effectiveness of the self-folding
strategy with 2DLMs. This self-folding 2DLMs approach shows a wide applicability
in 3D electronic and optical devices with relevance to sensing, diagnosis, wearables,

and energy harvesting.

Chapter 9 describes a highly parallel methodology to create multi-functional
complex 3D shapes and multi-scale polymeric or hydrogel particles by self-folding
and molding combination. This chapter presets the methodological strategy to
combine self-folding and molding, which can be used to design a variety of smart
polymer or hydrogel particles and self-assembly building blocks with a precisely

patterned surfaces for colloidal science, drug delivery, and tissue engineering.
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Chapter 10 describes the concept of nanoporous 3D tubular rolled-up structures
thatis applicable in controlled drug delivery capsules. In this chapter, a highly parallel
strategy that combines nanoimprint lithography (NIL) with thin film bilayer strain
engineering have been introduced in order to create the nanoporous self-rolled
tubular structures. Further, this NIL with strain engineering processed tubular
devices has been highlighted by biocompatibility tasks through the encapsulation of

live cells utilizing biomedical therapy.

Finally, Chapter 11 presents the summary of this dissertation and suggests
future studies in order to enlarge the applicability of stimuli responsive self-folding
soft microsystems for a variety of applications including biomedical non-invasive
surgical tools, alternatives of biological organs, and high sensitive and selective

flexible actuators and sensors.
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2. Introduction*

2.1. Stimuli Responsive Self-folding Microsystems

Stimuli responsive self-folding systems play an important role in multiscale
biomimetic, reconfigurable, and multi-functional devices. Stimuli responsive self-
folding is a class of self-assembly systems which can fold, curve, or roll in response to
external triggers such as heat, pH, light, ionic strength, mechanical stress, electrical,
and magnetic fields without the aid of manual control. In order to create stimuli
responsive three dimensional (3D) self-folding structures, a number of planar
methodologies such as photolithography, micro- and nano-imprinting, or direct
contact mode molding are conventionally selected to design two dimensional (2D)
thin film structures. Then, the 2D thin film structures can change shapes to 3D in
response to selective external stimuli, which change the chemical or/and mechanical
properties of the structures. These innovative approaches can create untethered
advanced functional 3D structures such as polyhedral drug delivery capsules,
biomimetic actuators, valves for lab-on-a-chip applications, optoelectrical sensors,

microsurgical devices, and even bioinspired tubulars.

* Reprinted with permission from

1. T. Shroff, C. K. Yoon, and D. H. Gracias, “Shape Change Poly (N-isopropylacrylamide)
Microstructures for Drug Delivery,” Polymeric Drug Delivery Techniques: Translating
Polymer Science for Drug Delivery, Aldrich Materials Science, Sigma-Aldrich, pages 28-30,
2015.

2. A. Ghosh, C. K. Yoon, F. Ongaro, S. Misra, and D. H. Gracias, “Self-folding polymeric shapes
for biomedical applications”, In preparation, 2017.



2.1.1. Materials Selection and Synthesis: Stimuli Responsive Materials

The new class of soft materials, that respond to their environment by changing
their physical or/and chemical properties is referred to as stimuli responsive
materials. These stimuli responsive materials can change their shapes in response to
various external stimuli like pH,! temperature,? electric fields,? or biomolecules*-8
and can be programmed to be responsive to more than one stimulus at a time.?-11
These unique properties of stimuli responsive materials have to be rationalized while
considering materials selection and design according to specific application targets
and their required properties. Particularly, thermo-responsive soft materials have
been extensively used due to their easy to use conventional heat source. Most of the
thermo-responsive materials have been synthesized by combining hydrophilic (e.g.,
amide, carboxyl) and hydrophobic (methyl, ethyl, propyl) groups together in one gel
network.12 These kinds of gel network designs show a sharp critical transition point
known as lower critical solution temperature (LCST). The LCST driven stimuli
responsive materials have shown unique property changes in a gel system. For
example, below LCST, the gel systems change to hydrophilic property because of
which they absorb water and above LCST, the hydrophobic property becomes
dominant which results in the desorption of water. Amongst many LCST driven
thermo-responsive hydrogel systems, the Poly(N-isopropylacrylamide)(pNIPAM)13
based hydrogel systems have been extensively selected for studies in drug delivery,
bio-sensing, artificial muscles, and actuators. This pNIPAM based hydrogel has been
traditionally synthesized and fabricated by using photolithography, micro molding,

emulsion polymerization or radical polymerization techniques.14 Recently, Shah et al
2



have reviewed methods to create monodispersed pNIPAM microgels by using
microfluidic devices as well as by manipulation of the conditions required to induce

gelation.15

Beyond the thermo-responsive hydrogel systems, pH responsive hydrogel
systems are also some of the commonly considered strategies while designing stimuli
responsive materials and devices. In order to obtain pH sensitive hydrogel systems,
weak acid or alkaline groups such as carboxyls or amino can be copolymerized in a
gel system.1® In addition, when these pH sensitive groups are operated together with
a thermal responsive monomer, dual thermal and pH responsive hydrogel systems
could be designed.1® A lot of work have been done using pH responsive hydrogels
where patterned bilayers of PMMA and poly (EGDMA)7 or poly (HEMA-co-AA) and
poly (HEMA)18 swell differently under various acidic and basic conditions. In addition,
light responsive hydrogel systems respond to an optical stimulus with no
requirement of secondary external triggers such as heat, electrical, and magnetic
fields. One of the conventional strategies to design light responsive hydrogel system
is to employ spiropyrane or its derivatives together with hydrogel network.19-21
Particularly, Sumaru et al. synthesized NIPAM with acrylamide-functionalized
spirobenzopyran copolymer hydrogels that respond to light irradiation.2? Moreoever,
ithas been reported that incorporation of carbon nanotubes?? in hydrogel could make

it respond to optical or magnetic stimuli.



2.1.2. Fabrication of Stimuli Responsive Systems at Small Scales

Sub-millimeter scale objects are often too small to have an on-board power
source like a battery. Sometimes, they are meant to be utilized for in vivo applications
where any tethered connection to the outside environment will defeat the purpose.
Thus, other innovative power sources have been explored in order to derive the
necessity of stimuli responsive self-folding microsystems. In order to manufacture
such active microsystems, considerable attention has to be given to the materials
selection and fabrication procedure. Conventional fabrication schemes at small
length scales are largely two-dimensional in nature, where, by using methods like
optical or soft lithography as well as imprint or embossing patterned shapes and
surfaces can be produced. Manufacturing three dimensionally structured particles or
shapes is challenging. However, recently few 3D fabrication schemes have been
proposed, such as laser ablation, stereo lithography, glancing angle deposition, and
electrodeposition. However, the problem with these methods are their very low
throughput and limited choice of materials. Further, these methods are particularly
suitable for creating microstructures using hard materials such as metals or hard
dielectrics and plastics. Even though high aspect ratio 3D structures can be produced
by lithography, imprint or molding techniques; however, they are either passive or
large to actuate devices effectively.23 Recently, the scope has been improved with the
advent of 3D printing which can print a wide variety of materials ranging from
plastics2# to softer gels2°> and even cell-cultured soft materials which have been used
for making bionic ears.26 One promising technique for generating actuation at small

length scales is to use stimuli responsive hydrogels and polymers.27.28 For example,
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when two layers of polymers having different swelling behaviors form a bilayer, it can
be bent with the more rigid layer inside.2? In addition, hydrogels are attractive
because of their inherent porous nature which can be tuned for controlled drug
release applications as well.30 Further, the advantage of using a layered assembly of
stimuli responsive polymers and hydrogels also lies with the ease of creation of
different shapes using 2D fabrication schemes like imprint, photo or soft lithography
techniques which are very well established. Further, these shapes can self-assemble

themselves into various 3D structures after lift-off from the substrate.

2.2. Some Deformation Mechanisms of Stimuli Responsive Systems

Shape change is an emerging concept inspired by robotics and tunable shapes of
cells or pathogens. Shape memory polymers and hydrogels are perhaps the most
important types of all responsive polymers.31-33 These systems are often composed
of two kinds of molecular moieties, including rigid and flexible chains or hydrophobic
and hydrophilic structural units. The paradigm of multilayer and patterned
microstructures composed of polymer and hydrogels present an attractive concept
for the following reasons: (i) First, the hydrogels have mechanical properties, such as
moduli, that are well matched with those of the human tissues and organs. Many are
biocompatible and are capable of swelling by several orders of magnitudes in volume
in response to different ranges of environmental stimuli.3435 In aqueous biological
systems, a swelling or a collapse can occur due to absorption or expulsion of water.
In addition, gelation can also be triggered in vivo.3¢ (ii) Second, due to large changes

in volume, swelling and de-swelling can cause large mechanical deformations that can



be used to enable actuation without the need of any external batteries or wires. (iii)
Third, multilayers using various combinations of more and less swelling hydrogels or
gradient crosslinked hydrogels can be designed so that differential volume change
during swelling can be converted to spontaneous curving and folding in order to form
a wide range of three-dimensional (3D) shapes and structures (Figure 2.1.).17.2837.38
(iv) Fourth, with advances in bio-MEMS, a number of techniques have been developed
for pattern and structure hydrogels in a wide range of shapes and sizes using mass-
producible methods such as photolithography, printing, molding, or layer by layer
assembly methods in order to offer a possibility for autonomous, environmentally

responsive multi-state functionality.

2.2.1. Simulation Methods for Stimuli Responsive Materials

In order to elucidate the swelling behavior of hydrogel systems and their
properties change, many numerical simulation techniques such as macroscopic scale
finite element and phase field methods, meshless methods, molecular level Monte
Carlo and molecular dynamic approaches have been developed.3? Initially, Flory and
Rehner (FR) developed a statistical thermodynamics model of a swelling polymer
network based on entropy changes.#041 Recently, many FR model driven statistical
approaches have been developed in order to understand polymer networks and
predict their shape deformation precisely.#2-44 In general, most macroscopic hydrogel
theories that are calculated by minimizing the free energy of the total system are
based on the conservation laws and constitutive equations which describe

equilibrium state in polymer networks in a given environment.#>-47 In particular,



finite element simulation of hydrogel swelling is one of the most popular methods to
solve highly nonlinear cases of monophase theories and phase field method is to solve
multiphase systems with interfacial dynamics. Especially, the phase field method
allows us to focus on the dynamics of interfaces of multiphase systems related to all
physical and chemical driving fields.#8-50 Experimentally, Tanaka et al. initially
observed the phase transition in hydrogel systems in response to different types of
external stimuli such as heat, ionic strength, and light.>1-5¢ Recently, Suo et al. have
proposed a thermodynamic theory of phase transition in thermally responsive
hydrogels.>> Furthermore, Toh et al. have added a photo-sensitivity parameter in
temperature sensitive hydrogels to study the effect of light intensity on the phase

transition occurring in these hydrogels.56

In addition, meshless methods have been widely used to study stimuli
responsive hydrogel systems. Currently, meshfree approaches include a wide
spectrum of intelligent parameters to predict the deformation in a gel system such as
pH-sensitivity,>7.58 electric sensitivity,>?¢0 jonic strength sensitivity®! or combined
electric-pH sensitivity parameters.6263 In addition, at micro or nano scale lengths,
Monte Carlo, and molecular dynamic simulations can be adapted in order to
investigate the properties of polymer networks with molecular level configuration
details. Quesada-Perez et al. studied steady state swelling behavior of the gels
triggered by heat and pH by using coarse grained molecular dynamics,®* and
Jaramillo-Botero et al. adopted atomistic level molecular dynamic approach to

investigate the hydrogel networks thermodynamically so as to provide insights into



mechanical properties of hydrogel systems at an atomistic level.6> Finally, in order to
understand stimuli responsive soft material networks and their properties, all these
simulation approaches have triggered experimental systematic optimizations of

stimuli responsive polymer or/and hydrogel systems.

2.3. Outlook: Biomedical Applications of Stimuli Responsive Devices

Biomedical applications such as microsurgery®® or controlled drug delivery®”
over a prolonged duration require advanced materials and methods to successfully
accomplish these tasks in live animals or humans. Present day minimally invasive
surgery uses laparoscopic or catheter based technologies, in which a small cut is made
on the external tissue to insert the tools such as camera, suction, and cutting tools.
Though these methods have reduced patient trauma to a large extent, they still suffer
from a compromised dexterity and inaccessibility or risk of injury when they are used
to reach very deep locations in the body.®8 For example, in an endovascular
intervention in a brain, such as intracranial angioplasty, the maximum diameter of
the blood vessel that can be reached is about 2 mm, because of the limitations
imposed by the guidewire thickness.® In order to reach still smaller regions new
technologies have to be developed?%71 which can enable navigation to a very deep
target site,’2 and perform tasks such as stent deployment or drug delivery. Such a
system must include ways to scale down the surgical instruments?3 that are used to
carry out the procedures. In addition, gripping and cutting tools such as clamps,
extractors, and forceps to scissors and rongeurs are ubiquitous in surgical procedures.

Miniaturized gripping and cutting tools are particularly attractive because they are



made of soft polymeric materials having a Young’s modulus of less than 200 MPa74
and thus have a rigidity similar to that of the living tissues like skin (100 MPa).7> In
addition, these small scales drug delivery and biopsy tools could be controlled in an
untethered manner and can be navigated to specific locations. This also ensures
compliant movements without causing any injury inside the delicate and tortuous

locations of the anatomy.

2.3.1. Stimuli Responsive Drug Delivery Systems

Shape changing self-folding hydrogel microstructures offer many advantages
drug delivery systems (DDSs). Therapeutic drugs have evolved from single
component formulations such as powders to multi-component DDSs such as capsules,
anisotropic particles, or micro fabricated needle patches. An effective DDS must be
both smart and multifunctional; it must release a drug at a specific anatomical
location within the therapeutic range for a specified period of time and with minimal
side effects. DDSs can target cell receptors by using antibodies, ligands, or aptamers
for more effective cancer therapeutics’® or they dissolve and release their cargo in
specific anatomical areas such as a stomach, which is highly acidic.”” Therefore,
although polymeric DDSs can bind to specific cells or can be broken apart by
biochemical reactions, they are inherently static and do not reconfigure or change
shape dynamically. Shape change is an emerging concept in DDSs which is inspired
by robotics and the tunable shapes of cells or pathogens. The shape changing feature
offers a possibility for autonomous, environmentally responsive multi-state

functionality. There are a number of dynamic polymeric DDSs that range in size from



nanometer-sized biomolecular constructs to centimeter-sized implants. These new
materials are in different stages of their development, ranging from a laboratory
curiosity to clinical trials. Nanometer-sized dynamic shape change structures for
DDSs are composed of smart biomolecules, such as DNA, and can be assembled into

different shapes such as cubical containers with controllable lids.”8

In addition, since DDSs are envisioned for in vivo applications, stringent
requirements must be met in order to ensure safety and minimize toxicity. These
conditions vary depending on the anatomical position and duration of drug release.
For example, N-isopropylacrylamide (NIPAM) monomers are potentially toxic in
vivo.”? However, poly (N-isopropylacrylamide) (pNIPAM) is widely used in cell
culture dishes where no significant cellular toxicity has been observed. Moreover, it
can be created with biodegradable crosslinkers thereby offering the possibility of
clearance from the body.80-82 Additionally, ophthalmic formulations of pNIPAM have
been reported with no in vitro cytotoxicity.83 Consequently, these examples of
pNIPAM based stimuli responsive microsystems are being used for illustrative
purposes and more research is required in order to evaluate their safety. Additional
research needs to be conducted to develop such shape changing microstructures by
using alternative bio-friendly soft materials such as chitosan,84 gelatin,8> cellulose,86
alginate and hyaluronic acid,8” PLGA,%8 PVA82 PEO, and PEO-PPO-PEO block

copolymers like pluronics or poloxamers.?0.°1

Due to significant advances in nanotechnology and bio-fabrication, future DDSs

are expected to embody more characteristics of living systems such as self-assembly
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and disassembly, energy dissipation and adaptation. They will be dynamic and will
be exquisitely structured at various length scales. Much like a complex macro-
engineered robotic device, they would likely incorporate feedback, control, logic, and
possibly memory that can be manifested through a combination of molecular binding,
chemical reaction, and electronic circuits. Embarking again, stimuli responsive
microsystems that have curved and folded 3D microstructures, in the absence of any
external power sources, could be used to enable a variety of autonomous shape
changes and can consequently enable smart behaviors that are a small step toward
enabling the grand vision of the ideal therapeutic (Figure 2.2. (A)). In future, stimuli
responsive micro devices could be utilized widely in biomedical applications such as
self-attaching devices for sustained drug release, self-coiling devices for blocking
aneurisms, self-expanding drug eluting stents, and self-propelled and miniaturized

locomotive devices

2.3.2. Stimuli Responsive Soft Biopsy Tools

Gripping is one of the most fundamental and widely used biomechanical function
that finds applications in lifting, grabbing objects, object manipulation etc. (Figure
2.2. (B)). With the growing popularity of soft robotic actuators and devices for
healthcare related applications, different kinds of gripping tools have been developed.
Soft robotic actuators are able to produce extremely compliant omnidirectional
movements which were otherwise impossible to achieve using hard robots. For
example, macroscale gripping tools replicating a human hand®? have been used for

assisting the limb movements of patients having compromised motor functions due
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to stroke or cerebral palsy. These artificial wearable hands are found to accelerate
patient recovery and enable them to grasp objects which they were not able to do
otherwise without such tools. Different actuation mechanisms have been used, of
which electronic and ionic electroactive polymers deserve special mention.
Electroactive polymers (EAP)?3 like electrostrictives or piezo-electrics have a
sandwiched elastomer in between two metal electrodes. On the application of a large
voltage (~ kV to MV), these polymers can be bent by electrostatic interactions. lonic
polymers like IPMC%4 or conjugated polymer?> on the other hand, can operate with a
much lower voltage (~V) and still produce strains as large as the EAP. They operate
by the flow of ionic polyelectrolyte and metal ions between the electrodes. Recently,
Mc Kibben actuators,?® which are based on channeling gas/fluid pressure to generate
actuation, have been more widely used. As seen in the soft robotic hand,?” one side of
these actuators, which is in contact with the gas, is made up of an extensible material
and the other side is made up of a thick inelastic material. Bending of the fingers was
achieved by changing air pressure. This robotic hand has been demonstrated to be
capable of having widely different movements and was able to grasp various objects
like a telephone and a pair of chopsticks. It assists the movements of the hand by using
pneumatic actuation and also allows passive movements of the hand when not in use.
Another kind of gripping tools have replicated the motion of an octopus arm?899 and
have been employed to develop advanced catheter designs for minimally invasive

surgeries.100
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One major difference of the miniaturized soft robots from their macroscale
counterparts is the power transfer mechanism. In larger scale robots, the power
source is mainly electrical, and is either wired,191 or derived from a battery192 or is
pneumatic®®103 derived from pumps or fuel sources. As the size of these grippers
decreases, power delivery to the tools becomes increasingly difficult due to the
reduced available energy storage space. Millimeter scale objects are often too small
to have an on-board power source like a battery. In addition, they are meant to be
used for in vivo applications where any tethered connection to the outside world will
ruin the purpose. Thus, other less bulky sources of power have been explored to
derive the necessary gripping forces. Finally, stimuli responsive soft microsystems
can provide alternative less-invasive operating power as forms of biopsy tools or drug

delivery capsules.
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A_ Polymer bilayers
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B. Polymer with differential cross-linking along lateral dimensions
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Figure 2.1. Schematic descriptions of self-folding strategies of soft materials.
(A) Heterogeneous swelling in bilayer (B) Bi-strip structures that undergo different
swelling in lateral. (C) Crosslink gradient along a thickness in monolayer. (D)
Incorporation with pre-stressed trigger layer that can be eliminated to cause shape
changes. Reprinted with permission from Ref. 28 © 2013, Current Opinion in
Chemical Engineering.
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Figure 2.2. Schematic descriptions of precise motion-guided 3D stimuli
responsive microsystems. Biomimetic untethered soft grippers for (A) drug
delivery and (B) biopsy applications. (A) Sketch is reprinted with permission
from Polymeric Drug Delivery Techniques: Translating Polymer Science for Drug
Delivery, T. Shroff, C. K. Yoon, and D. H. Gracias © 2015, Aldrich Materials Science,
Sigma-Aldrich.
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3. Stimuli Responsive Materials: Poly (N-isopropylacrylamide)
(pNIPAM)*

3.1. Functional Stimuli Responsive pNIPAM-based Hydrogel
Actuators

The development of soft polymeric or hydrogel stimuli responsive actuators and
related devices are important from both an intellectual and technological
perspective.2838104-109 Stimuli responsive soft-actuators are widely observed in
nature, for example in the spontaneous and reversible folding and unfolding
movements of plants. Examples include the Rhododendron leaves which respond to
temperaturell® or the Dionaea muscipula (Venus flytrap) which responds to
mechanical and pH stimulation.111.112 These actuators enable functions such as
defense from predators or consumption of food which are critical to their survival. On
the technological front, the development of such bio-inspired synthetic stimuli
responsive soft devices could facilitate enhanced functionality for biosensing,
robotics and surgery. Specific advantageous traits of these systems include the use of
mechanical energy stored within the material, the ability to respond autonomously
to enable smart behaviors, and the possibility for extreme miniaturization and
untethered operation without the need for wires or batteries or external power

sources.

* Reprinted with permission from

1. C. K. Yoon, R. Xiao, ]J. H. Park, ]J. Cha, T. D. Nguyen and D. H. Gracias, “Functional Stimuli
Responsive Hydrogel Devices by Self-Folding,” Smart Materials & Structures, vol. 23, pp.
094008, 2014.
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Poly N-isopropylacrylamide (pNIPAM) is an important stimuli responsive
hydrogel that undergoes a hydrophilic (swollen in aqueous media) to hydrophobic
(deswollen) transition at a temperature just below physiological temperatures (LCST,
between 32°C and 36°().80.113-116 Further, when combined with other materials either
by co- polymerization, blending or layering, these hydrogels can be made responsive
to heat223037,117-133  pH 134 |ight,22117119121125 mechanical stress,26 jonic
strength134135 and magnetic field.132136 Consequently, NIPAM based hydrogels have
been used in soft-robotics,22118124132134-136 drug delivery37.121,122127,129,132133 gnd

surgery.126

Despite these advances, the mass-production and miniaturization of such soft
cross-linked hydrogel actuators can be challenging. Further, heterogeneous
integration with conventional micro-electro-mechanical systems is often required for
functional systems which necessitate the development of processes to pattern these
soft materials using high resolution and high throughput techniques such as
photolithography, imprinting and molding. Precise structuring of complex three-
dimensional (3D) structures is also needed for practical applications. An emerging
methodology that overcomes these challenges is the self-folding of precisely
patterned hydrogel thin films.22.28303738108128-132135 [n these methods, existing
planar lithographic approaches can be leveraged to create well defined patterns with
high resolution and reproducibility. In contrast to previously described relatively
higher temperature self-folding approaches for metallic or polymer patterns,137-139

self-folding of hydrogels can be accomplished at physiologically relevant
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temperatures in aqueous media. 3D actuation with large strains can be enabled by
incorporating differential swelling of bilayers or films with compositional or cross-
link gradients. For example, Klein et al. showed how compositionally heterogeneous
pNIPAM films could be used to create buckling sheets.123 lonov et al. described
thermo-responsive microcapsules based on pNIPAM-ABP/PCL bilayers.37.129 Kim et
al. demonstrated buckled gel surfaces using differential swelling of pNIPAM
hydrogels using half-tone lithography.130131 Bassik et al. showed how pNIPAM-

AAc/PEODA bilayers could be used to create flytrap like actuators.134

A new approach to create pNIPAM based self-folding systems is described as
schematically represented in Figure 3.1. Specifically, we utilized co-polymerized
pNIPAM-AAc hydrogels which reduces the response time as compared to single
component pNIPAM hydrogels due to increased hydrophilicityl40.141 and the AAc
component also makes the hydrogel pH responsive.142 Qur approach utilizes the fact
that bending of hydrogel thin films depends on three important factors namely their
thickness, modulus, and swelling ratio. We create two distinct regions within the
hydrogel films; flexible hinges and rigid panels. In addition to being thinner, the
flexible hinge also has a cross-link gradient?” while the interconnecting panels are
fully cross-linked and thicker. There are several advantages of our approach. As
compared to many previous demonstrations of self-folding hydrogel actuators with
bilayers, we use a single material that facilitates easy characterization and modelling
for the homogeneous material. In addition, use of a single layer eliminates any risk of

delamination that can be a concern in bilayer actuators. We demonstrate feasibility
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of our approach and discuss a finite element model that can be used to predict fold
angle. As compared to previous methods such as halftone lithography,130 the thinner
gradient hinge provides increased flexibility and larger fold angles, as illustrated in
the model. Finally, we highlight several applications to illustrate practical

applicability of the approach.

3.2. Materials and Methods
3.2.1. Materials

N-isopropylacrylamide monomer (NIPAM, Scientific Polymer Products Inc.),
poly-N-isopropylacrylamide (PNIPAM, 300k MW, Scientific Polymer Products Inc.), N,
N-Methylenebis-Acrylamide (BIS-Acrylamide, Aldrich), n-butanol (Sigma), irgacure
2100 (Ciba), acrylic acid (AAc, Aldrich), APS copper etchant 100 (Transene company,

INC), Rhodamine 6G (Sigma Aldrich)

3.2.2. Synthesis of pNIPAM-AAc

The PNIPAM-AAc solution was prepared by dissolving 3g NIPAM monomer, 0.4g
poly-N-isopropylacrylamide (pNIPAM) and 0.18g cross linking agent BIS-acrylamide
in 7.5ml of n-butanol organic solvent. In addition, 100 um photoinitiator Irgacure
2100 and 0.31 ml pH responsive monomer of acrylic acid (AAc) were added in
pNIPAM base. Finally, this pNIPAM-AAc solution was stirred using a magnetic bar for

at least 6 hours to dissolve completely.

3.2.3. Imaging of pNIPAM-AAc Hydrogel Structures

The pNIPAM-AAc hydrogel still images and videos were predominantly captured

using a NIKON AZ100 multi-zoom microscope with an intensilight UV lamp and a
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motorized stage for Z-stack image layers. A KEYENCE VK-X100K color 3D confocal
laser microscope was used to take images of photopatterned 2D hydrogel images for
thickness measurements. In addition, a Zeiss LSM 510 META confocal microscope
was used for Z-directional sectioning images to investigate photo-crosslinking

gradients along the thickness of thin pNIPAM-AAc hydrogel.

3.3. Fabrication of Crosslink Gradient pNIPAM-AAc Hydrogels

As illustrated briefly in Figure 3.1. and in a more detailed manner in Figure 3.2.,
two spincoating and two photopatterning steps were utilized; (a) low energy UV light
exposure on thin hinges and (b) high energy UV light exposure on thick panels.
Different types and combinations of patterns can be created by the appropriate

design of photomasks for thick panels and hinges. Details of the process are as follows.

Cr adhesion promoter (20 nm) and Cu sacrificial layer (200 nm) were thermally
evaporated on commercial silicon wafer substrates. Then, the pNIPAM-AAc solution
was spin-coated (Specialty Coating Systems, G3P-8 model) at 600 rpm to deposit the
thick panels which were cross-linked by a high energy (500 mJ cm-2) UV exposure,
through a mask that was appropriately designed using AutoCAD. The pNIPAM-AAc
solution was UV exposed in non-contact mode by separating the mask from the
substrate by thin spacers. A commercial mask aligner (ultra pline series: Quintel) with
a 350 W mercury vapor lamp was utilized. Specifically, UV exposure energy was
measured by multiplying the exposure time with the UV exposure intensity measured
using a UV power meter (Vari-Wave II, 365 nm sensor; Quintel). After UV exposure,

the thick panels were developed by immersion in acetone for around 7 s, rinsing with
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IPA and then drying using nitrogen gas. Then, thin hinges were patterned using a
similar process except that the film were deposited at a higher spin speed to create a
thinner film. Also, a second low energy (50 mJ cm-2) UV exposure was selected to
photopattern a cross-link gradient along the thickness of the hinges. Then, the hinges
were developed as before. The patterned panel and hinge structures were released
by dissolving the Cu sacrificial layer in a commercial Cu etchant (APS 100; pH = 2).
The samples could be stored and remained unfolded up to a year in APS 100. Self-

folding was trigged only on exposure to the correct thermal or pH conditions.

In order to accurately target folding angles of actuable pNIPAM-AAc structures,
post-cross-link thickness of rectangular test structures versus spin speed were
optimized at the same UV exposure (500 m] cm-2). We dispensed the pNIPAM-AAc
hydrogel solution at six different spin speeds ranging from 600 rpm to 1200 rpm onto
flat Si wafer substrates. Specifically, a color 3D pinhole confocal optical microscope
(KEYENCE VK-X100K) was used to image and measure the thicknesses of
photopatterned pNIPAM-AACc test structures. The thickness versus spin speed data is
plotted in Figure 3.3. (A). It demonstrates that the thickness could be reproducibly
controlled between thin 1.6um panels at the high spin speeds of 1200 rpm and thick
6.5um panels at low spin speeds of 600 rpm. These films are thinner than the
previously utilized pNIPAM self-folding structures which typically had thickness
between 10 um13% and 225 pm.134 Further, the resolution of our photopatterning
process was measured using a ruler mask and the smallest feature that could be

reproducibly patterned was 8 um (Figures 3.3. (B, C)). Color images in Figures 3.3.
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(D-F) show that different hinge and panel thickness could be implemented and also

that the thickness within the fully cross-linked panels was relatively uniform.

3.4. Results and Discussion

3.4.1. Characterization of pNIPAM-AAc Hydrogels

By varying the patterns of thick fully cross-linked panels and thin gradient cross-
linked hinges using AutoCAD designed photomasks, we were able to create a variety
of structures. After fabrication and release from the substrate, the planar
photopatterned structures were heated up to 60 °C in the copper etchant APS 100
solution (pH 2). Illustrative examples of a self-folded pyramidal and cubic shaped
capsule are shown in Figure 3.4. The second and third columns in Figures 3.4 (A, B)
shows the intermediate and final self-folding steps. We observed that the yield was
approximately 60 % for well folded structures with no discernible defects when

visualized by optical microscopy.

A key element of our approach is the creation of crosslink gradients on low UV
exposure of 50 m] cm~2. The influence of such low and high exposure energy is evident
in the patterning of hole sheets shown in Figures 3.5. (A, B). Such sheets of identical
thickness but exposed to low and high energy showed different self-folding
characteristics. While sheets exposed to 500 m]J cm~2 buckle, they do not roll up due
to the absence of a cross-link gradient (Figure 3.5. (C)). In contrast, identically
shaped sheets patterned with a lower energy of 50 mJ cm=2 roll up due to a cross-link
gradient along the thickness of the film (Figure 3.5. (D)). We characterized the cross-
link gradients by adding a fluorescent dye (rhodamine 6G) into the pNIPAM-AAc

22



solution which was then sonicated for 30 min to form a well-mixed solution. The
gradients in the films patterned with low UV exposure could then be visualized using
confocal fluorescence microscopy (LSM 510 META, Zeiss). Specifically, we measured
the relative pixel intensities from the top to bottom confocal images by depth
discriminations and an intensity gradient was observed (Figure 3.5. (E)). This
experimental data validates our approach of creating hinges with cross-link gradients
for self-folding.

3.4.2. Thermo-responsive Deformation Mechanism of pNIPAM-AAc
Hydrogels

In addition to experiments, we investigated the thermo-responsive deformation
mechanism of the pNIPAM-AAc hydrogel via a 3D constitutive finite deformation
model. The model assumes that the free energy change of the hydrogel system is
caused by the mechanical stretching of polymer chains based on the classical
Gaussian statistics and the polymer and solvent mixing based on Flory-Huggins
model. Parameters of this model included the shear modulus and temperature-
dependent Flory-Huggins interaction parameter. To determine the interaction
parameter, the swelling mass ratio of cross-linked hydrogels was experimentally
measured (Figure 3.6.). These measurements were carried out by spreading 500 pl
pNIPAM-AAc solutions on a glass substrate, exposing the films to UV light with the
relevant energies of 50 and 500 m] cm~2 and soaking in DI water. We ensured that the
samples reached equilibrium swelling by placing them on a hot plate at each

temperature for at least 12 h.
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The weight of the gel at this stage represents that of the swelling ratio Q2 =

Wt.of swollen gel

was calculated by dividing the measured weight of the swollen gel
Wt.of deswollen gel

at each temperature to that of the deswollen gel (dehydrated gel).

In addition to swelling ratios, the shear modulus of the swollen pNIPAM-AAc
hydrogels was measured using a dynamic mechanical analyzer (Q800 DMA; TA
instruments). The fully swollen samples exposed at high and low energies were both
measured at room temperature in the dynamic mode, with a frequency sweep from 1
Hz to 10 Hz, and a 0.5 % applied strain. The storage modulus was independent of the

frequency and is equivalent to the equilibrium Young’s modulus. The shear modulus
G is related with Young’s modulus E as G = 5/901/3 where o is the swelling ratio at

the room temperature.

The constitutive model for the mechanical and swelling behavior of hydrogels is
described below. Consider the deformation gradient, defined as F = dx/dX, which
describes the stretch and rotation of material lines from the dry stress- free body to
the swollen and stressed body. The deformation gradient is decomposed into a
mechanical part Fe and an isotropic swelling part Fs as F; = ¢ ~1/3F,, where ¢ is the
polymer volume fraction of the polymer-solute system at the swollen, stressed state.
Since the gel is initially swollen, we define the initial swollen state as the stress-free
reference state, and a deformation gradient f mapping the points from the stress free

reference state to the final spatial points:

f = <p;/3F (1)

24



where ¢o is the polymer volume fraction of the polymer-solute system at the
reference state. The polymer volume fraction is represented as ¢ = 1/ (1 + vc),143
where v is the volume per solute molecule and c is the number of solute molecules
per reference volume. We define the left Cauchy-Green tensor as b = FFT and express
it in terms of its eigenvalues (principal stretches) and eigenvectors (principal

directions):

b = Zi=1'1§ n, ®n, (2)

—1/3A—

where 4,=¢, « and Aare the corresponding principal stretches of f. We assume

that free energy density of the total system is caused by the stretching of polymer

chains and the mixing of polymer and solvent, and is represented as:

Y =%(F, )+ ¥Y%(p) (3)

We adopt a quasi-incompressible model for the free energy density associated with

stretching polymer chains#!
W, = Z{2 + A2 + 22 — 3 — 2In(ly 4,40} + {(9Ai Ao 23)? — 2in(pAAy05) — 1} (4)

where G and k is shear modulus and bulk modulus respectively. We assumed the bulk
modulus is 1000 times of the shear modulus to achieve the volumetric

incompressibility of mechanical deformation.
The mixing component of the free-energy density is represented as144145

¥y = 1o {1~ Il ~ 9) + x9(1 ~ 9)} 5)
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where R is gas constant and y is Flory-Huggins interaction parameter. The Cauchy
stresses tensor ¢ and the chemical potential ¢ can be obtained from the free

3 1 oy

- a=1 111213 Aa E na ® na (6)

oy

H= (7)

Substituting equations (3) - (5) into equations (6) and (7) yields

o= Z=1 {% (‘PJZBii - 1) + % [(‘P‘P51/T1/T2/T3)2 - 1]} n, ®n, (8)

= = =2
i =RT{n(1 - 9) + ¢ + 10} = Z2{(po5* IAA)" — 1} 9)

To model thermo-responsive effect, we assumed the temperature dependent Flory-

Huggins interaction parameter y has the following form,146

1 1 T—Teran
X=3 O+ xm) + 3 (xyg — xL) tanh (#) (10)

where xL and yu is the Flory-Huggins interaction parameters at low temperature and
high temperature, Tian is the transition temperature and AT is the width of the
transition region. These parameters were obtained by fitting the simulation free
swelling data to the experimental results as shown in Figure 3.6. The parameters

used in the model are listed in Table 3.1.

The constitutive model was implemented into TAHOE (Sandia National
Laboratories) to simulate the self-folding pyramidal and cubic structures. Figure 3.7.
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shows the finite element model of the pyramidal specimen (the finite element model
of cubic specimen is not shown). The mesh was discretized using trilinear hexahedral
elements and a higher mesh density was chosen at the hinge. For simplicity, we
modeled the gradient in the hinges as a two-layer structure where the top layer of the
hydrogel has a higher cross-linker density and corresponding smaller swelling ratio
(G=90KPa and .= 0.58) compared with the bottom layer with a lower modulus and
higher swelling ratio (G =60 KPa and y. = 0.562). The parameters for the model
were chosen to reproduce the modulus and swelling ratio measured for the 50 m]
cm~2 materials shown in Table 3.1. The displacement boundary conditions were set

as:
U (x=0,y,2)=0u,(x=0y=02=0,u,(x=0,y=0,z=0)=0. (11)

The simulation starts from stress free state at temperature T = 25 °C, at which
temperature the structure is unfolded as shown in experiments. The initial polymer
fraction ¢o is obtained by solving equations (8) and (9) with the condition 6 = 0 and
u = 0. The temperature is continuously increased to 37 °C. At each temperature, the
deformation gradient f and polymer concentration ¢ are updated to satisfy the force
balance and chemical potential equilibrium. From the simulation we can obtain the
folding angle as a function of temperature (Figure 3.8. (A)). To verify the model, we
measured the folding angles of cubic structures. We did not measure the folding angle
of the pyramid structure because it was difficult to obtain an accurate angle from
experiments. As shown in Figure 3.8. (A), the simulation shows good agreement with

the experimental data. We also did a parameter study by changing the thickness of
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hinge. As expected, a thinner hinge yields a large folding angle as shown in Figure 3.8.
(B). In the present study, the thinnest hinge we could reproducibly deposit by spin
coating was 1.6 um which was used. If alternate techniques such as layer by layer,
surface initiated polymerization or self-assembly are used, then thinner hinges could

possibly be developed for even greater fold angles.

3.4.3. Applications of pNIPAM-AAc Hydrogels

Since, we can create a wide range of structures using this approach we highlight
a few applications. In Figure 8, we show self-folding of a cubic container that
assembled on heating. Figure 3.9. (A, B) indicates the high-throughput nature of the
process so that many structures can be patterned and assembled at once. Once
assembled, the structures can be loaded with cargo such as the beads shown in Figure
3.9. (C). This example highlights possible utility of this approach to create self-folding
capsules or containers. Further, transparency of pNIPAM-AAc faces permits
visualization of the encapsulated cargo using optical bright filed or fluorescence

microscopy.

In addition to capsules, we also highlight the combined thermally and pH
responsive opening and closing of grippers (Figure 3.10.). These grippers close in
environments of pH 2, T = 60 °C and open in environments of pH 7, T = 25 °C. These
grippers were patterned with six symmetrical fingers and three joints in each finger.
The reversibility of pNIPAM-AAc gripper was tested over several folding to unfolding
cycles and no phenomenological residual plastic deformation was observed under

parallel stimuli triggers between (60 °C, pH 2) and (25 °C, pH 7). We did however
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observe that the soft digits sometimes adhered to each other or the underlying

substrate.

Finally, stimuli responsive micro mirror scanners were designed to demonstrate
proof-of-concept applicability in optics (Figure 3.11.). Recently, much research has
been directed at the design and fabrication of smart material based optomechanical
micro-mirrors.147 Additionally, micro-mirror elements have been widely used in
optical systems such as flat panel displays, optical interconnects, adaptive optical
arrays and laser beam scanners.148149 They benefit from low weight, low operating
optical power, compact design and sizes, which are potentially applicable to a variety
of optoelectronic devices. We created five-faced pNIPAM-AAc structures with (500
pm x 500 um) square Au mirrors that were attached using an epoxy. In order to
highlight applicability of a thermally responsive micro-mirror steering system, we
directed a beam of light at these structures. As depicted in Figure 3.10. (A), a 650 nm
red laser beam was expanded and collimated by a beam-expander and the collimated
beam was coupled into 50 pm diameter multimode fiber core by a microscope
objective lens (Plan 10x/0.25, Olympus). The distal end of the fiber was directed
toward the gold mirror on the surface of hydrogel devices in Figure 3.11. (B), thus
incident light reflected by the micro-mirror through the 200 pm multimode fiber
could be detected using an avalanche photodetector (APD110A, Thorlabs). When the
structures self-fold in different environments, the beam of light changes from
reflection from a single mirror to two mirrors separated by different distances as can

be seen in Figure 3.11. (C, D). In the present design, the distance between incident
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and reflected beam vary from d= 0 mm to 2 mm. Hence, both the intensity and
direction of the reflected beam thus varies with the environment and can be utilized
for steering in optical beams or to decipher positional information. The advantages
are that this approach is contactless and does not require an electrical or wired

connections or external power sources.

3.5. Conclusion

In conclusion, we have developed a new approach to enable self-folding stimuli
responsive microstructures. Photolithographic patterning of thin gradient cross-
linked hinges and thick fully cross-linked panels have enabled advanced
functionalities such as capsules, grippers and stimuli responsive micro-mirrors. We
anticipate widespread applicability in optics, electronics, and robotics. A predictive
finite element model was used to rationalize fold angles and its variation with hinge
thickness and swelling ratio. Our study also highlights several important challenges.
Notably increasing the speed of actuation to the sub-second time scales remains
challenging. Additionally, increasing the resolution of lithographic patterning such as
by imprint techniques could enable smaller structures. Finally due to the low modulus
of hydrogels, such actuators are floppy and additionally work primarily in aqueous
environments. The inclusion of more rigid elements3? and microfluidic interfaces

could be used to further expand their capabilities.
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Table 3.1. Parameters determined for the pNIPAM-AAc materials synthesized
with different UV intensities.

Parameters G XL XH Ttran AT
500 m] cm~2 125 KPa 0.595 0.98 34°C 5°C
50 mJ cm~2 74 KPa 0.570 0.98 34°C 5°C
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A) Panel: high energy UV exposure

WA W

B) Highly crosslinked panels

C) Hinge: low energy UV exposure
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D) Crosslinked gradient along the hinge thickness

E) pH and thermal stimuli

Figure 3.1. Illustration of the key steps utilized in creating 3D self- folding
structures using thin, gradient cross-linked hinges and thick, fully cross-
linked panels. (A)-(B) High energy UV exposed thick panels are fully
crosslinked, while (C)-(D) low energy UV exposed thin hinges have crosslink
gradients along their thickness. (E) On release from the substrate, and only when
triggered by external thermal and pH stimuli, the patterns self-fold due to
differential swelling and bending of the thin gradient cross-linked hinges.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, J. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.2. Detailed schematic of the fabrication process to photopattern
and actuation of pNIPAM-AAc thin monolayer.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.3. Characterization of the pNIPAM-AAc hydrogel deposition and
patterning process. (A) Thickness versus spin speed. The inset shows the test
structure, and the scale bar is 1 mm. Images depicting the (B, C) resolution and
(D-F) uniformity of photocrosslinking.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, J. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.4. Schematic and optical microscopy images showing thermally
responsive self-folding pNIPAM-AAc structures of different shapes such as a,
(A) pyramidal, and (B) cubic shaped capsule. The optical images were taken using
a NIKON AZ 100 microscope at pH 2 in APS 100 solution with increasing
temperature from 25 °C to 60 °C. All scale bars are 300 pm.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.5. Characterization of the effect of UV energy exposure. (A) - (B)
Optical and zoomed image of the holey test structure composed of a single
pNIPAM-AAc panel. (C) Test structures exposed to high energy of 500 mJ cm~2
only buckled but did not roll up which is attributed to high crosslinking and
absence of a crosslink gradient. (D) In contrast, test structures exposed to low
energy of 50 m] cm~2 rolled up indicating presence of a cross-link gradient. (E)
Visualization of a cross-link gradient using confocal microscopy imaging of dyed
low-UV exposed samples. Data shows a plot of the relative fluorescence intensity
as a function of Z-section image stack. Larger confocal image numbers correspond
to sections taken deeper into the sample. The low relative fluorescence intensity
from these sections indicate a less-dense film (lower cross-linking). Scale bars are
(A) 1.5 and (B-D) 300 pm.

Reprinted with permission from C. K. Yoon, R. Xiao, J. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.6. Swelling ratio versus temperature. Experimental (points) and
simulation (lines) swelling ratios plotted as a function of temperature for low UV
exposure (red circle, solid line: 50 mJ cm~2) and high UV exposure (blue square,

dotted line: 500 m] cm~2) energies.

Reprinted with permission from C. K. Yoon, R. Xiao, J. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &

Structures, vol. 23, pp. 094008, 2014.
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Figure 3.7. Finite element model of the pyramid specimen.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, J. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.8. Experiments and simulation results of folding angles of pNIPAM-
AAc structures according to temperature. (A) Experimental and simulation
results of the folding angle of pyramidal and cubic structures having 1.6 pm
thickness as a function of temperature. (B) Simulation results of folding angles of
the pyramidal structure having different hinge thickness 0f 0.8, 1.6, and 3.2 pm as a
function of temperature. Thinner films show larger fold angles.

Reprinted with permission from C. K. Yoon, R. Xiao, J. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.9. Parallel self-folding of cubic capsules with thick highly cross-linked
panels and thin gradient cross-linked hinges. (A) Top view optical image of the
self-folded capsules, (B) zoomed inset of a cubic capsule, and (C) image of a cubic
capsule loaded with beads. One of the transparent beads is outlined with a red
dotted circle to aid visualization. All scale bars are 350 um.

Reprinted with permission from C. K. Yoon, R. Xiao, J. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.10. pNIPAM-AAc hydrogel grippers. (A)-(C) Sequential snapshots
showing closing (60 °C in pH 2) and opening (25 °C in pH 7) of a gripper around a
250 pm bead. Scale bars are, (A) 550 um, (B) 650 um, and (C) 400 um.

Reprinted with permission from C. K. Yoon, R. Xiao, J. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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Figure 3.11. Stimuli responsive thermally steered optoelectronic micro-
mirror system. (A) Schematic of micro-mirror system that utilizes a 650 nm laser
and fiber optics. (B) Samples of 3D self- actuating systems composed of pNIPAM-
AAc hydrogel actuators with gold micro mirrors. (C) Sequence of thermally
responsive self- folding and (D) corresponding light incidence and reflection as
depicted by the white lines and arrows. The white squares depict the Au mirrors. All
scale bars are 500 pum.

Reprinted with permission from C. K. Yoon, R. Xiao, ]. H. Park, ]. Cha, T. D. Nguyen and D. H.
Gracias, “Functional Stimuli Responsive Hydrogel Devices by Self-Folding,” Smart Materials &
Structures, vol. 23, pp. 094008, 2014.
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4. Programmable, High-degree Expansion of Micropatterned DNA
Copolymer Hydrogels*

4.1. Overview

Stimuli-responsive self-folding devices have important applications in the design
of therapeutics, soft actuators, and the low-cost assembly of three dimensional
materials. Chemomechanical self-folding systems are of particular interest because
they do not require the inclusion of wires or batteries and can operate untethered
and at smaller size scales. Current chemomechanical systems can respond to a small
number of extrinsic stimuli, such as light or pH, by folding into one or two possible
final structures. Here we report the micropatterning and self-folding of
chemomechanical devices that fold in different ways in response to different DNA
sequence inputs. These devices consist of an arrangement of different hydrogel
domains and are micropatterned using a high-throughput lithography process;
swelling of some domains but not others drives folding. Because folding is induced by
DNA hybridization, it is straightforward to design a combinatorial variety of material
domains that each swell in response to a DNA input of particular sequence. The
hybridization process can drive very high-degree swelling of individual hydrogel

domains.

* Reprinted with permission from

1. A. Cangialosi*, C. K. Yoon#, ]. Liu, Q. Huang, T. D. Nguyen, D. H. Gracias, and R. Schulman,
“Macroscale Sequence-Selective Shape-Change driven by Photopatterned DNA hydrogels
with High Swelling,” In Preparation, 2017. #: Equal contributions.

43



Furthermore, the degree of swelling of individual domains can be controlled by
the nature of the biomolecular inputs, enabling the design of versatile but well-
controlled folding processes. We demonstrate that multi-domain devices can fold into
many different forms depending on the DNA sequence inputs presented. Because
DNA sequences can serve as inputs and outputs of synthetic sensors, logic circuits and
signaling cascades, folding driven by DNA sequence introduces the possibility of
designing complex programs that direct autonomous folding, i.e. motion programs,
that are triggered in response to a particular stimulus or combinations of stimuli.
Such devices therefore could serve as a basis for the development of metamorphic

materials and autonomous soft robots.

4.2. Introduction

Materials and devices that leverage the large variability, specificity and
programmability of biomolecular interactions to drive macroscale shape change are
important in the design of soft robots, programmable matter, smart medicine and
autonomous systems. Among biomolecules, DNA sequences when integrated within
structures can offer significant advantages due to their binary, predictable, base
pairing. Indeed, DNA hybridization process can drive changes in the shape of
nanostructures,’50.151 thin films!52 or colloidal crystals!>3.154¢ but the creation of
macroscale devices have been limited by the relatively modest changes in
hybridization size induced by simple DNA hybridization processes. The design of
shape-changed based DNA devices has further been hindered by limited patterning

and scalable integration processes. Here, we demonstrate how DNA hybridization
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cascades can induce up to 64-fold volumetric expansion of DNA co-polymer hydrogels
in a sequence-selective fashion, such that control over swelling degree and rate may
be further tuned using sequence design. We developed a new class of millimeter to
centimeter scale shape-change devices, by photopatterning and scalable integration
of architectured DNA co-polymer hydrogels with as many as three different DNA-
sequence domains. The resulting macroscale structures can change shape
dramatically in multiple different ways in response to DNA sequence inputs. We
characterize the mechanical properties and swelling rates using a combination of
experiments and finite element simulations and realize selectively shape changeable
microstructures such as flowers and a crab. Since DNA sequences can serve as inputs
and outputs of synthetic sensors, amplifiers, logic circuits and controllers, patterned
shape change structures driven by the DNA sequence introduces the possibility for
soft materials and functional devices that respond to a diverse array of chemical

inputs by autonomously implementing adaptive chemical control programs.

A common design for smart materials and devices is a heterogeneous, patterned
architecture in which a specific chemical or physical stimulus results in swelling or
shrinking of one or more regions of the material.108130.155 For example, selective
swelling or shrinking of domains have been used to create a wide range of self-folding,
shape change and bioinspired devices. However, in previous demonstrations,
response has been limited to stimuli such as temperature, light, electromagnetic
signals or pH.134156 [ndeed versatility and programmability can be significantly

enhanced by wiring the material to locally control material properties and enable
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multi-state shape change, but wires add physical bulk and require batteries or
tethering, limiting the scope of their operation. Due to the variability of vast libraries
of chemicals, the exquisite specificity of molecular interactions and the fact that
molecules can diffuse over large distances and through small sub-nanometer sized
spaces, chemomechanically responsive materials present obvious advantages in
programmability, device integration and miniaturization. In addition, chemicals and
especially biomolecules provide a route to enable complex feedback processes and

interaction networks as seen in biological cells, tissues and organs.

We asked whether we might bring the specificity and multi-state behavior
attainable within wired systems to a chemomechanical system by patterning
materials consisting of a combinatorial variety of domains that each responded to a
unique chemical trigger, such that a large number of domains could be swollen
addressibly. To enable biomolecular interactions to drive shape change, we focused
on hydrogels, where structural changes within cross-link segments can drive
expansion or contraction in aqueous media. In particular we utilized DNA molecules
that can hybridize in a sequence dependent fashion such that large numbers of these

molecules can act independently in a single environment.157.158

An initial challenge to designing a system in which different DNA sequences, or
more generally heteropolymers induce swelling is that a large amount of swelling is
needed to produce interesting motion driven by chemomechanical interactions. Most
polymer materials achieve this shape change through a change in pH or temperature

that triggers a dramatic change in solvent uptake,5° while other materials swell when
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hydrated or dehydrated.>2160 While biomolecules can significantly stiffen or soften
hydrogels,161.162 these changes cannot direct folding or motion without pre-stressing
the original device, which makes fabrication difficult and also limits the range of

motion.163

We began by considering DNA crosslinked polyacrylamide hydrogels in which
DNA duplexes crosslink polyacrylamide chains into a hydrogel network (Figure 4.1.
(a)).1%* These hydrogels have been studied extensively as substrates for molecular
sensing,165-170 dynamically controlled gelation or stiffening,171.172 or as materials that
can swell or shrink in response to pH or specific reagents.37.156 Specific DNA
molecules can induce a change in the crosslinks that can stiffen and/or swell
materials through hybridization and assembles new crosslinks or stiffens existing
ones, although this swelling has been limited to 10-15 %. We postulated that a greater
degree of swelling could be achieved using a DNA hybridization cascade in which DNA
hairpins are inserted into crosslinks via strand displacement, lengthening them
(Figure 4.1. (b)). Such a mechanism has been used as a hybridization-driven motor
that can push nanoscale objects away from one another.173 Because double stranded
DNA, with a persistence length of 50 nm174 is significantly stiffer than polyacrylamide
chains, such an extension could effectively push the network by pushing the flexible

chains, leading to significant swelling.

To test this theory, we first developed a method to pattern hydrogels into
precisely defined, thin shapes and architectures using photolithography. DNA

molecules could diffuse into a thin material readily, while precise control over shapes
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and the ability to assemble many structures in parallel would allow the precise
characterization of swelling behavior of many identical hydrogels. Such a technique,
through multistage fabrication, could also readily be extended to the assembly of
architectured materials in which different DNA crosslinks swell in response to

different DNA sequences that extend them.

4.3. Fabrication of DNA Crosslinked Hydrogels

The overall protocol for preparing DNA copolymer hydrogels involves
preparation of the DNA pregel solution and photolithographic fabrication of the gel

structures.

4.3.1. DNA-co-Am and BIS-co-Am Solutions Preparation

All oligonucleotide sequences are listed in Table 4.1. The sequences for strands
A1, R1, Hi, and Hz are the reverse of those used in Venkataraman et al.173 DNA samples
were supplied by Integrated DNA Technologies (IDT) in their lyophilized form.
Oligonucleotide stock solutions were prepared by resuspending samples in 1x TAE
buffer (12.5 mM Mg?*) to a final concentration of approximately 25 mM.
Oligonucleotide concentrations were verified by absorbance spectroscopy at 260 nm.
The final hydrogel solution consisted of 1.154 mM of each ssDNA species, 1x TAE
buffer (50x stock, Life Technologies, Catalog #24710-030), 12.5 mM magnesium
acetate tetrahydrate (Sigma M5661), 11.1 mM of calcium chloride, 1.41 M acrylamide
(Bio-Rad Catalog #161-0100), and 3 % (v/v) of Irgacure 2100 (Ciba). To prepare the
DNA copolymer gel, the acrydite-modified strands were added to a solution of 1x TAE,
magnesium acetate tetrahydrate, and MilliQ water and incubated at 90 °C for five

48



minutes, then annealed from 90 °C to 20 °C at 1 °C per minute. Immediately before
photopolymerization, acrylamide and photoiniator Irgacure 2100 were added to the
solution, followed by degassing for 5 minutes under vacuum. All designed DNA base

sequences are described in Table 4.1.

Oligonucleotides SAs and SA4, each 20 nucleotides long and of random sequence,
were modified at the 5 end with Acrydite. The 50 base pair crosslinking
oligonucleotide (designated L2) contained domains complementary to SA3 and SA4
along with a 10 base pair toehold domain at the 3’ end to allow for removal of the
crosslinking strand. The final hydrogel solution consisted of 1.154 mM of each ssDNA
species, 1x TAE buffer (50x stock, Life Technologies, Catalog #24710-030), 12.5 mM
magnesium acetate tetrahydrate (Sigma M5661), 1.41 M acrylamide (Bio-Rad Catalog
#161-0100), and 3 % (v/v) of Irgacure 2100 (Ciba). First, DNA strands SAs, SA4, and
L2 were added to a solution of 1x TAE, magnesium acetate tetrahydrate, and MilliQ
water and allowed to hybridize for 30 minutes at room temperature. To this solution
was added acrylamide (from a stock solution of roughly 11 M), and Irgacure 2100.
The hydrogel solution was then mixed thoroughly by pipet to minimize the
incorporation of air bubbles. The solutions were then degassed under vacuum for 5

minutes to minimize the Oz (g) concentration in solution.

4.3.2. Photolithography Chambers Preparation

Top slide of the photolithography chambers which served as a chromium (Cr)
photomask, was prepared by spin coating SC 1827 (Microposit) on a clean glass slide

at 3500 rpm and baking at 115 °C for 60 seconds. The glass slides were UV exposed
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at 360 mJ/cm? through different film masks designed by AutoCAD. After UV exposure,
the glass slides were developed with a 1:10 (w/w) solution of 351 (Shipley) and DI
water, after which they were rinsed with DI water and dried with N2 gas. Next, a
200 nm layer of Cr was deposited on the glass slide by physical vapor deposition
(PVD), after which the slides were rinsed with acetone, IPA, and dried under N2 gas
to remove the non UV light reacted regions of 1827 photo resist. Once prepared, Cr
mask was spin-coated with CYTOP (Type M, Bellex International Corp.) at 4000 rpm
and subsequently baked at 90 °C for 2 hours to ensure evaporation of the organic

solvent.

Bottom slide of the photolithography chambers were prepared by sonicating
glass slides (Catalog #16004-424, VWR) for 30 minutes in 10 % (w/w) NaOH, rinsed
with MilliQ water, and dried under N2 gas. The slides were then treated with O:
plasma for 5 minutes to fully oxidize the glass surface. Next, a single layer of polyimide
tape (~30 pum thick) was placed along the width of the glass slide to act as a spacer.
Then, the sacrificial layer was covered with PAA. The PAA sacrificial layer was
prepared by 25% PAA (w/v) stock solution was mixed with 10 % NaOH (w/v) to
make pH ~7.5. MilliQ water was added in the neutralized 25 % PAA stock solution to
prepare 5 % (w/v) solution of PAA and then filtered using 0.5 um pore size filter. The
5 % (w/v) PAA solution was spin coated onto Oz plasma treated clean glass slide at
3000 rpm for 15 seconds. The PAA coated glass slides were baked on hot plate at

150 °C for 3 minutes and then soaked the dried PAA coated glass slides were soaked
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in 1M CaClz for 1 minutes, DI water for 3 minutes. Then, the slides were baked again

on hot plate at 150 °C for 5 minutes.

4.3.3. Self-folding DNA Crosslinked Hydrogel and Imaging

As illustrated in Figure 4.2. (a), the Poly(DNA-co-Am) and Poly(BIS-co-Am)
hydrogels were photopatterned using easily assembled photolithography chambers
that were constructed from glass slides separated by tape spacers. The glass bottom
slide served as a substrate onto which the hydrogel samples adhered after
photopatterning, while the top slide served as a photomask to selectively expose the
pre-gel solution to ultraviolet (UV) light and initiate photopolymerization.
Specifically, the DNA hydrogel solution was aliquoted onto a PAA (sacrificial layer)
spin-coated clean glass slide with polyimide tape spacers. The Cr mask (coated with
CYTOP) was then placed on top of the hydrogel solution and glass substrate. The
photolithography chamber was then clipped with metal binders (Office Depot) and
first BIS-co-Am solution was injected between the top and bottom chambers by using
syringe. The chambers were then exposed to UV light (280 m]/cm?2) (Neutronix
Quintel aligner). A UV exposure energy of 280 m]/cm? was calculated by multiplying
the measured UV intensity (Vari-Wave II, 365 nm sensor; Quintel) by the exposure
time. After photopatterning, the chamber was disassembled and washed with 200uL
of 1x TAE buffer (12.5 mM Mg?*) + CaClz to the hydrogel samples, which were
preferentially adhered to the bottom slide and dried. To make the second layer of poly
(DNA-co-Am), another spacer was added and the Cr masks were then aligned with

poly(BIS-co-Am) photopatterns under microscope. After getting precise aligning with
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first photopatterned BIS-co-Am thin layer, second solution of DNA-co-Am solution
was injected into the chambers again. Then, 250 mJ/cm?2 UV light was exposed
through the top Cr mask to the bottom. Then, the chambers were apart and the
photopatterned bilayer thin structures were released from the PAA sacrificial layer
by dipping in the 1ml NaCl solution. The free standing bilayer structures were
transferred to the PDMS coated petri dishes and 1ml 1x TAE buffer was gently put in
the petri dish. In more detail, to make the non-sticky surface with photopatterned
thin DNA/BIS bilayers, 1:10 curing agent mixed PDMS (Dow Corning) were spin
coated on the petri dishes at 4000 rpm and baked at 60 °C for 12 hours and 02 plasma
(100 W, 240 s) was exposed to treat the PDMS surface making them hydrophilic. The
photopatterned samples in the PDMS coated petri dish with 1ml NaCl and 1ml 1X TAE
were added another 1ml 10x SYBR Green (Catalog #S-11494; Life Technologies)
or/and rhodamine to get fluorescence staining. The hydrogel samples were kept in
the fridge over 18 hours to allow to stain SYBR Green or/and rhodamine in the DNA
or BIS crosslinked hydrogel layers and get fully swollen hydrogels. The samples were
stayed on the station for two hours at room temperature before actuation test under

microscope.

All fluorescence optical images were taken using a Nikon AZ100 multi-zoom
microscope at 0.5x objective with the intensilight UV lamp and Nikon DS-Fil camera.
Specifically, fluorescent images were captured using a Nikon B-2E/C blue excitation
filter (420-495 nm) for DNA crosslinked hydrogel (Green color images) and green

excitation filter (510-560 nm) for BIS crosslinked hydrogel (Red color images)
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visualization. In addition, to check the programmability of swelling power of DNA
crosslinked hydrogel, gel imager (MODEL) was used to take sequential snap shots at

each swelling states of DNA hydrogels.

4.4. Results and Discussions

4.4.1. Fabrication of DNA Crosslinked Hydrogel System

We photopatterned DNA-crosslinked hydrogels using free radical initiation and
UV irradiation through CAD designed photomasks. Unlike silicon based devices for
which many photolithographic processes have been developed, photopatterning of
DNA hydrogels present unique challenges. DNA-crosslinked hydrogels have orders of
magnitude lower moduli as compared to silicon or even conventional photoresists
and also tended to stick to the substrate and photomask, potentially because of charge
mediated interactions involving the DNA. Furthermore, UV light damages DNA and
the intensity of UV light needs to be optimized.17> To address these concerns, we
developed a process in which a precise amount of light exposure drives fabrication,
and structure thickness is controlled by solid spacers and sandwiched glass slides
that presented a chrome mask. Cytop, a hydrophobic fluoropolymer was found to
reduce sticking of the DNA hydrogels to the chrome mask, and a calcium sensitive
sacrificial layer enabled benign and damage-free release of the structures after
patterning. Structures on the millimeter scale with thickness ranging from 15 to 100
pum were using this process, and multiple domains could be patterned serially using
mask alignment with registry to underlying layers. Incorporation of fluorescent dyes

into the polyacrylamide chains enabled multiple domains to be distinguished using
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fluorescence microscopy (Figure 4.2. (b)). Multiple structures could be fabricated in
parallel, and after fabrication, structures were stable in buffer at room temperature

or at 4 °C for up to 6 months,

4.4.2. Characterization of DNA Crosslinked Hydrogels: Swelling

To determine whether the crosslink lengthening using hybridization cascades
that we envisioned could induce significant swelling of a DNA-crosslinked hydrogel,
we fabricated 32 pm thick hydrogel squares 1 mm on a side and added them to a
buffer solution containing 20 pM of each hairpin (H1 and Hz). The hydrogels expanded
at least 200 % in both the X and Y directions but maintained a square shape,

suggesting that growth occurred through swelling, as designed.

Time-lapse imaging of the structures in the presence of an excess of Hi and Hz
solution showed that swelling occurred at a roughly linear rate until they had
expanded at least 4-fold in each direction (Figure 4.3. (a, b)). The expansion of the
gels continued unabated at least until the gels were so faint as to be no longer visible,
with gel corners and edges generally receding from view fist. Because the gels
presumably grew more than 100-fold in volume but incorporated a relatively small
amounts of material other than solvent, one possibility is the polyacrylamide, while
still part of a connected network, effectively de-gelled due to its reduced

concentration.

While these initial experiments suggested that while the DNA polymerization
cascade that extended crosslinks could indeed drive high-degree swelling, this

swelling was difficult to control. We next asked whether it was possible to tune
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swelling so that a hydrogel domain would swell to a certain extent and then remain
stable at its new size. To build a system in which crosslink polymerization, and thus
swelling, would finish after some period of time, we introduced modified DNA
hairpins, which we called “terminator hairpins” that could insert into a crosslink and
extend it, but after insert presented no further sites for crosslink extension (Figure
4.3. (c)). Gels swollen by a mix of regular and “terminator” hairpins swelled but then
reached a fixed final size. By tuning the ratio of the regular and terminator hairpins,

we were able to tune the degree of swelling over a broad range.

These experiments also suggested that a significant degree of polymerization
occurred during the expansion process. Samples swollen with 1% terminator, where
average polymer-length would be up to 100 pairs of hairpins expanded more than
samples with 2 % terminator, where average crosslink length would be expected to
be about 50 pairs of hairpins. Interestingly, such chains are significantly longer than
the 50 nm persistence length of double-stranded DNA, suggesting that the crosslinks
need not be perfectly rigid to induce expansion. In addition, this swelling behavior
was verified by introducing random DNA reaction solution of PolyT as a control.
When comparing Figure 4.3. (d) and (e), only H1 and Hz hairpins were reacted with

square shaped DNA crosslinked hydrogels.

4.4.3. Characterization of DNA and BIS Bilayer Bars

To test whether swelling of DNA crosslinked hydrogels could induce shape
change, we photopatterned a hydrogel bilayers in the shape of a beam with a 32 pm-

thick BIS-crosslinked polyacrylamide layer on the bottom and a 32 um thick DNA-
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crosslinked hydrogel that responded to the first hairpin system described at Figure
4.4. The beams were immersed in buffer in order to equilibrate in buffer and curved
during this process, probably because the DNA-crosslinked hydrogels swell due to
solvent uptake after fabrication to a different degree than BIS-crosslinked hydrogels
do. Afterwards, the bilayers were placed either in a solution containing a hairpin with
a unreactive “control” DNA sequence or in a solution containing the 98%
polymerizing / 2% terminating hairpin mixture that induced swelling in previous
experiments. The bilayers in the polymerizing hairpin solution curved tightly (Figure
4.5. (a)). This bilayer in the polymerizing hairpins Hi1 and H2 solution curved
significantly driven by the swelling of the DNA crosslinked layer. However, the BIS
crosslinked layer did not swell in response to any of those hairpins so that
interrupting swelling at the DNA/BIS interface caused mechanical bending. The next
Figure 4.5. (b) shows the sequential folding steps of DNA/BIS bilayer bar after

introducing H1 and H2 solutions.

4.4.4. Finite Element Analysis: Radius Change of DNA/BIS Bars

To understand how DNA polymerization-driven swelling can drive folding of
architected hydrogels, we developed a finite element model of the folding process.
We used the measured bulk modulus of the DNA- and BIS-crosslinked hydrogels and
the degree of swelling observed in DNA-crosslinked hydrogels as parameters to
constrain the system. We tested how folding was predicted to occur within the model
for various values of the modulus and swelling ratio of the fully swollen DNA

crosslinked hydrogel (Figure 4.5. (c,d)). We found that the model predicted several
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qualitatively distinct folding pathways for different values of this modulus but that
the folding behavior of the system matched our experiments best for a final modulus
of 229 Pa. We used this modulus value in models that predicted the folding of more

complex structures in relatively good agreement with experiment.

4.4.5. Multi-state Fabrications of Complex Shaped DNA and BIS Hydrogels

The multistage fabrication technique can ensemble complex shaped multi
domain DNA crosslinked hydrogel systems that demonstrate programmable selective
chemomechanical actuations in response to different DNA inputs. In order to
illustrate expansion of complex shaped multi domain DNA and BIS hydrogel systems,
one BIS crosslinked and two 98 % polymerizing / 2 % terminating hairpin mixtures
of DNA crosslinked solutions were prepared with corresponding external reactant
hairpin solutions. In more detailed fabrication steps, biomimetic flower shaped 15t six
fingers BIS crosslinked layer was photopatterned and then 2nd four fingers and 3rd
two figures DNA crosslinked hydrogel layers were aligned and photopatterned on top
of 1st six fingers BIS crosslinked hydrogel layer (Figure 4.6. and 4.7 (a)). The fully
swollen flower-shaped DNA crosslink hydrogel samples were allowed to stain SYBR
Green or rhodamine in the DNA or BIS crosslinked hydrogel layers to get fluorescence
images. When all reactant DNA solutions were introduced simultaneously, all fingers
were bent due to the DNA reaction driven swelling from the each domains of DNA
hydrogel finger patterns (Figure 4.7. (b)). Furthermore, the selective lock-and-key
type reactions were verified by two different combinations of DNA reaction orders

(Figure 4.7. (c)). It emphasize clearly that 2D photopatterned combinational
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DNA/BIS bilayers including multiple domains could be folded selectively driven by
lock-and-key type DNA hybridization. These photolithographically patterned DNA
crosslinked flower shaped hydrogels show the programmability of selective
chemomechanical actuation systems in response to particular sequences of external

DNA inputs with large swelling power.

Finally, more complex shaped multi-domain and selective chemomechanical
actuation systems were tested by multi-step fabrications of complex geometry such
as biomimetic crab shape. Figure 4.8. shows fabrication steps to create a crab shaped
hydrogel that are composed of different parts such as hexagonal shaped body, eight
legs, two grippers, and two antennas (Figure 4.9 (a)). Experimentally, all different
sections of a crab were photopatterned by using one BIS and three different DNA
sequences solutions. We found that it was possible to swell individual domains, by
presenting DNA sequences that inserted specifically into that domain’s crosslinks,
and to swell multiple domains simultaneously. Swelling could proceed sequentially
through a process of buffer exchange, in which structures were removed from a
solution containing one combination of DNA sequences and placed into another.
Selective actuation enabled the folding of all together or the selective curling of the
antennas, grippers and legs of a crab (Figure 4.9 (b, c)). It clearly indicates that VLSI
based photolithographic strategy, through multistage fabrication steps, could readily
be envisioned to integrate high selective DNA chemomechanical reaction driven

hydrogel actuators.
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4.5. Conclusion

Biological tissues demonstrate the versatility and functionality of shape change
driven by biomolecular signals. Different types of cues can direct different responses
and signal transduction cascades can amplify signals or integrate information about
multiple different cues. Variations in chemical concentrations or ratio can direct how
shape change occurs, and mechanochemical sensors can regular and modulate shape
change through chemical feedback loops. Collectively such processes enable
multistage, goal directed behavior that is impossible to achieve using existing

mechanisms of soft material actuation.

Here, we have shown how synthetic biomolecules, DNA oligonucleotides, can act
as easy-to-design signals for combinatorial actuation within synthetic systems.
Molecular sequence, concentration ratios and other free parameters can rationally
tune not only what is swollen, but swelling extent. Complex architectures and multi-
domain devices can be readily fabricated and a virtually limitless array of devices can
conceivably be created via a simple process of photomask design. The DNA-based
signals used to induce swelling can be integrated with a range of DNA-based sensors
and strand-displacement circuits, potentially allowing shape change processes to be
directed by different chemical inputs or chemical controllers. The use of conventional
photolithographic approaches also allows for hybrid integration with electronic and
optical layer, to build devices that use biomolecular sensors and actuators to execute

a range of tasks.
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Table 4.1. DNA Sequences.

All DNA strands were synthesized by Integrated DNA Technologies, Inc. The A, R, Hy,
and H2 strands are the reverse of the strands used by Venkataraman et all73
Terminator hairpins of Hir and Hzt were designed such that the loop domain of each
hairpin was orthogonal to the respective binding site on the other hairpin, i.e. Hi loop
domain is orthogonal to binding site on H2 and vice versa. This was verified by
simulating equilibrium concentrations of all species present after in NUPACK.

DNA Sequence

Strand

A TAAGTTCGCTGTGGCACCTGCACG

R CAACGTGCAGGTGCCACAGCGTGG

Hi1 CCACGCTGTGGCACCTGCACGCACCCACGTGCAGGTGCCACAGCGAA
CTTA

H2 TGGGTGCGTGCAGGTGCCACAGCGTAAGTTCGCTGTGGCACCTGCA
CGTTG

Hit CCACGCTGTGGCACCTGCACGTAGACTCGTGCAGGTGCCACAGCGA
ACTTA

Hor TGGGTGCGTGCAGGTGCCACAGCGGCCTAGCGCTGTGGCACCTGCA
CGTTG
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Figure 4.1. Chemomechanical actuation of DNA-crosslinked hydrogels and
detailed DNA coupling mechanism in hydrogel net. (a) Concept of intelligent
chemomechanical actuation of DNA crosslinked thin monolayer film tuned by
architected DNA inputs. (b) Detailed coupling mechanism of chemical DNA
binding/unbinding to mechanical pushing of nets in hydrogel system.

Reprinted with permission from A. Cangialosi, C. K. Yoon, ]. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.2. Photopatterning of DNA-crosslinked hydrogels. (a) Schematic
illustration of photolithographic fabrication steps. (b) Experimental observations
of photopatternable and mass producible DNA-co-Am hydrogels with several
different shapes and sizes stained by Rhodamine 6G to obtain clear fluorescence
images. All scales are 500 pm.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.3. Swelling of DNA-co-Am hydrogels. (a) Sequential illustration of
swelling of square shaped DNA-co-Am hydrogels when time goes by. (b)
Experimental observations of uniaxial expansion of DNA-co-Am Hydrogels with
no terminator hairpins. (c) Tunable swelling of DNA-co-Am hydrogels via
terminator hairpin DNAs compositions. (d) Reconfigurable swelling of mass
produced DNA-co-Am hydrogels when introduced reactant DNA hairpins. (e)
Control experiment to verify lock-and-key type swelling of DNA-co-Am hydrogels.
Random PolyT hairpin did not react with photopatterned DNA-co-Am hydrogels.
All scales are 2Zmm.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.4. Schematic illustration of photolithographic fabrication steps of
DNA/BIS bars.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by

Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.5. Actuation of DNA/BIS bilayer bars and computational estimation
of radius changes according to swelling ratio and Young’'s modulus. (a)
Experimental observation of folding of DNA/BIS bars when introducing reactant
specific DNA solutions into DNA crosslinked hydrogels. (b) Example of sequential
top and side snap shots of self-folding DNA/BIS bilayer during reactant DNAs
diffusion into the photopatterned hydrogel bar systems. (¢, d) FEM estimation of
radius change of DNA/BIS bars according to swelling ratio and Young’s modulus
parameters. Scales are (a) 250 pm and (b) 1.5 mm.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.6. Schematic illustration of multi-step fabrications of flower shaped

DNA/BIS hydrogel system.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.7. Selective actuation of flower shaped DNA/BIS hydrogel. (a) Brief
schematic description of parts of bilayer composed of one BIS and two DNA
crosslinked hydrogel systems. (b) Optical images of experimentally
photopatterned flower shaped hydrogels. When introduced two DNA reaction
solutions, flat flower shaped hydrogels turned into 3D folded structure. (c)
Furthermore, two different selective sequential folding of flowers were observed
when introducing two different reactants of DNAs in orders. All scales are 1mm.

Reprinted with permission from A. Cangialosi, C. K. Yoon, |. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.8. Schematic illustration of multi-domain fabrication steps of a crab
shaped DNA/BIS hydrogel system.

Reprinted with permission from A. Cangialosi, C. K. Yoon, J. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017
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Figure 4.9. Selective chemomechanical folding of a crab. (a) Mask designs of a
crab including multi-domain parts such as a body, legs, grippers, and antennas (b)
Optical images of photopatterned crab and its actuation test of legs, grippers, and
antenna parts. (c) Furthermore, selective sequential folding of a crab when
introduced three different reactants of DNAs in orders. All scales are 1.5 mm.

Reprinted with permission from A. Cangialosi, C. K. Yoon, |. Liu, Q. Huang, T. D. Nguyen, D. H.
Gracias, and R. Schulman, “Macroscale Sequence-Selective Shape-Change driven by
Photopatterned DNA hydrogels with High Swelling,” In Preparation, 2017

69



5. Programmable Magnetically and Thermally Responsive Self-
folding Soft Microgrippers*

5.1. Overview

Hydrogels such as poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAM-AAc)
can be photopatterned to create a wide range of actuatable and self-folding
microstructures. Mechanical motion is derived from the large and reversible swelling
response of this cross-linked hydrogel in varying thermal or pH environments. This
action is facilitated by their network structure and capacity for large strain. However,
due to the low modulus of such hydrogels, they have limited gripping ability of
relevance to surgical excision or robotic tasks such as pick-and-place. Using
experiments and modeling, we design, fabricate, and characterize photopatterned,
self-folding functional microgrippers that combine a swellable, photo-cross-linked
pNIPAM-AAc soft-hydrogel with a nonswellable and stiff segmented polymer
(polypropylene fumarate, PPF). We also show that we can embed iron oxide (Fe203)
nanoparticles into the porous hydrogel layer, allowing the microgrippers to be
responsive and remotely guided using magnetic fields. Using finite element models,
we investigate the influence of the thickness and the modulus of both the hydrogel
and stiff polymer layers on the self-folding characteristics of the microgrippers.
Finally, we illustrate operation and functionality of these polymeric microgrippers for

soft robotic and surgical applications.

* Reprinted with permission from

1.]. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, |. Fisher, T. D. Nguyen and D. H. Gracias,
“Self-Folding Thermo-Magnetically Responsive Soft-Microgrippers,” ACS Applied Materials &
Interfaces, vol. 7, pp. 3398-3405, 2015.
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5.2. Introduction

The ability to grip and securely hold onto objects is a vital task in robotics,
manufacturing, and surgery. Conventional robots are composed of stiff materials such
as metals (aluminum, steel) and ceramics (silicon, silicon oxide) with their joints
being actuated using electrical, pneumatic, or hydraulic signals. Soft robotics is an
emerging, bioinspired field that promises to augment the capabilities of traditional
hard robotics with polymeric modules that mimic biological actuators.10> As
compared to their hard robotic counterparts, soft robotic structures have distinct
advantages: they can be constructed using simple designs; be made lighter and
inexpensively; be processed at low temperatures and in aqueous environments; and

offer the possibility to mimic human functionality through their robotic functions.

Many previously described soft robotic actuators including those developed in
the MEMS community are electrically or pneumatically driven.105.176-181 For example,
the reversible electrochemical swelling of polypyrrole in a variety of bilayer, trilayer,
and sandwiched configurations has been used to create a number of folding and
actuating structures.1’® More recently, a variety of pneumatically actuated robotic
devices have been developed including a microhand for surgery,178 networks capable
of intricate motion,1%> and a universal gripper based on granular materials.18! While
these devices offer significant advantages in terms of the control, speed, universality,
and momentum, their need for tethers as well as electrical power or gas sources can
increase their weight and complexity. This limits their applicability in small or

confined spaces or during repetitive actuation over long time periods.
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The use of stimuli responsive mechanisms provides an alternative to tethered
actuation and offers the possibility for smart behaviors such as autonomous
responses in specific environments.28108116,182,183 Many of these schemes employ
hydrogels since these materials are able to swell significantly in response to a variety
of stimuli such as temperature, light, or chemical reactions generating the energy and
force to perform mechanical tasks.124184 Hydrogel actuators can also be created using
bigel strips composed of partially interpenetrated hydrogel networks with differing
swelling properties. This concept was first demonstrated using bilayers of pNIPAM
and acrylamide that had drastically different swelling behavior in response to
temperature or aqueous environments.118 The use of stimuli responsive bilayers has
recently been combined with photo-cross-linking approaches to create a range of

microstructured actuators and self-folding devices.17.28108,132,185,186

In our previous work on self-folding microactuators, we have demonstrated a
range of self-assembled, origami-inspired structures that spontaneously fold-up and
actuate from two-dimensional patterns without the need for any wires or external
controls.28:303872,134182 These structures utilized a variety of actuation forces derived
by the minimization of surface tension; the release of residual stress triggered by light,
enzymes, biochemicals, or temperature; and differential swelling based on pH or
temperature changes. It is particularly noteworthy that previously created metallic
microgrippers were autonomously actuated on introduction into the gastrointestinal
tract of live pigs and used to biopsy tissue.”2 In order to enhance biocompatibility and

possibly endow biodegradability in such surgical applications and for robotics, we
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believe there is a pressing need to develop polymeric, origami-inspired, and stimuli

responsive microgripper structures.30.134182,187

We have observed that one of the significant limitations of stimuli responsive
hydrogel actuators is their low stiffness. For example, when we previously designed
microgrippers composed of cross-linked pNIPAM-AAc alone, we observed that these
grippers were very floppy and unable to securely grip onto beads which would often
fall out of their grasp.187 In order to address this limitation, we previously introduced
the concept of combining rigid polymer segments of a nonswellable polymer to
increase the overall stiffness of the pNIPAM-AAc polymer.30 In this chapter, we build
on these earlier results to design, fabricate, and characterize mass-producible
microgrippers capable of cell excision. We have incorporated nanoparticle doping
and a sequential photolithographic approach to create large numbers of autonomous,
polymer-hydrogel bilayer grippers. These grippers have numerous advantageous
properties including the capability for magnetic direction, simultaneous actuation
based on temperature, independent function, optical transparency, and gripping onto
and isolating tissue. Over numerous cycles, the resulting grippers can fold completely
in either direction on the basis of temperature and fold reversibly. We use finite
element analysis to model the folding behavior of these soft robotic grippers to gain
insight into the influence of important material and design considerations such as

polymer thickness and modulus.

The characteristics, thermal responsiveness, and stiffness were chosen for the

polymer materials of the grippers based on their relevance for biological applications.
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pNIPAM is a thermo-responsive hydrogel that undergoes a low critical solution
temperature (LCST) above physiological temperature where the polymer becomes
hydrophobic expelling water and losing 90 % of its mass while below its LCST, the
polymer is hydrophilic and absorbs water.80 The absorption and desorption of water
in response to temperature serves as the actuation mechanism, and pNIPAM has been
used extensively in drug delivery applications, cell culture, and tissue engineering

applications.188-192

Biocompatibility of pNIPAM has to be addressed in order to utilize in biomedical
applications.3? Essentially, the backbone of pNIPAM hydrogels is not degradable

although specific cross-linkers used to network the hydrogel can provide
biodegredability.188.190 Therefore, a networked pNIPAM hydrogel can be created with
tunable degradation rates based on cross-linker density and type. PPF, a material
originally designed for filling bone defects and similar in tensile strength to trabecular
bone,193194 serves as a stiff and restrictive construct, mimicking phalanges in the
human hand around which pNIPAM-AAc can contract or expand. The biodegradation
products of PPF are propylene glycol and fumaric acid which are naturally expelled

through the Krebs’s cycle.195

Both PPF and pNIPAM are photopatternable and have been used previously in
lithographic applications as well as to create therapeutic grippers or “theragrippers”
in our own laboratory. By cross-linking, one can tune the physical and mechanical
properties of the polymers without chemical modifications to the polymer backbone

which can affect its biocompatibility.19¢ The main advantage of photo-crosslinking
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over other crosslinking techniques is the ability to spatially and temporally control
polymerization using photomasks and by varying the intensity of light. Further, a
wide range of portable UV sources are available, and fast curing rates are achievable
at room temperature. Photopatterned hydrogels can also be created over a wide
range of sizes: we have previously created metallic microgrippers as small as a few
hundred microns from tip to tip so that they can grip onto small sized cargo or pass
through conventional catheters used in surgery.”2 All that is needed is the
optimization of spacing between grippers, spacing of the rigid segments, and

thickness of the hydrogel and stiff segment layers.

Magnetic fields are biocompatible even at clinically relevant but high field
strengths; therefore, they offer many attractive advantages over other propulsion and
guidance schemes.17” Numerous examples of magnetically directed robotic devices
have been developed for in vivo applications including metallic microgrippers,
microdrillers, modified bacteria, and microswimmers.11,134197-199  Pglymer
microstructures can be made responsive to an electromagnetic field by incorporating
magnetic nanoparticles within their network.132.200 [n this work, we have directly
incorporated magnetic nanoparticles into the pNIPAM-AAc trigger layer, allowing for
remote direction while keeping the arms free to grip onto and/or isolate tissue at a

desired location.
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5.3. Materials and Methods
5.3.1. Materials

N-Isopropylacrylamide monomer (NIPAM, Scientific Polymer Products Inc.),
poly-N-isopropylacrylamide (pNIPAM, MW 300 000, Scientific Polymer Products
Inc.), N,N-methylenebisacrylamide (BIS, Sigma-Aldrich), n-butanol (Sigma-Aldrich),
acrylic acid (AAc, Sigma-Aldrich), diethyl fumarate (DEF, Sigma-Aldrich), 80%
hydrolyzed poly(vinyl alcohol) (PVA, MW 9-10 kDa, Sigma- Aldrich), iron(III) oxide

(Sigma-Aldrich), Irgacure 2100 (Ciba), 1827 photoresist (Microchem), 351 developer
(Microchem), and three inch silicon (Si) wafers (WRS) were used as is without further

modification.

5.3.2. Synthesis of Polypropylene Fumarate (PPF)

PPF was synthesized by a previously published method13 and determined to

have a MW of 804 Da and a polydispersity of 1.21.

5.3.3. Synthesis of pNIPAM-AAc

A NIPAM-AAc solution was prepared as described previously.134 Briefly, 3 g of
NIPAM monomer, 0.4 g pNIPAM, and 0.18 g BIS were dissolved overnight in 7.5 mL
of n-butanol under constant stirring at room temperature. To this solution, 0.3 mL of
AAc was added followed by 0.1 g of I[rgacure 2100. The resultant mixture was stirred

until the additives had been completely incorporated.

5.3.4. Thickness Measurement: Profilometry

Glass slides were repeatedly washed with acetone, methanol (MeOH), and

isopropyl alcohol (IPA) after which they were dried with compressed air. A strip of
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cellophane tape was fixed to the middle of the glass slide making sure the edges were
pressed down. A 3:1 w/w mixture of PPF/DEF with approximately 1 % of Irgacure
2100 was added to the top of each glass slide. The PPF/DEF solutions were spin

coated at varying speeds (500 — 3000 rpm) following which the tape was carefully
removed. The polymer was UV crosslinked by varying amounts of UV (650 — 2600

m]J/cm?2) flood exposure through a glass mount with a mask aligner. The slide was
then incubated and washed with ethanol (EtOH) followed by deionized (DI) H20 to
remove any unreacted components and dried under compressed air. Crosslinked
polymer thickness was measured utilizing a profilometer. Measurements were taken

in four different spatial locations of the glass slide and averaged for each thickness.

5.4. Experiments

5.4.1. Fabrication of Thermo-magnetically Responsive Soft Grippers

Alignment markers were photopatterned onto Si wafers utilizing negative
photoresist, a dark field mask, and mask aligner. Cr (20 nm) and Cu (100 nm) were
evaporated on the Si wafers, after which excess Cr, Cu, and photoresist were removed
by sonication of the wafer in acetone. The wafers were rinsed with copious amounts
of acetone, EtOH, MeOH, and IPA followed by drying with compressed air. A sacrificial,
transparent PVA layer was deposited onto a Si wafer as described previously. These

wafers were subsequently used for photopatterning polymeric structures.

To fabricate polymeric grippers, warm (~70 °C) PPF solution (3:1 PPF/DEF with

approximately 1 % w/w Irgacure 2100) was deposited onto the wafer, spread

utilizing a spatula then spin coated at 3000 rpm to achieve a film approximately 10
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um thick. PPF segments were photopatterned utilizing a dark field mask and a mask
aligner in noncontact mode and exposed to 650 mJ/cm? UV light to initiate cross-
linking. A solution of NIPAM-AAc (1 mL) was deposited on top of the wafer, and the
wafer was slowly rotated by hand to spread out the NIPAM-AAc evenly, and allowed
to sit for 1 min to achieve uniform thickness before being exposed to 100 mJ/cm? UV
light through a dark field mask that was the outline of the structure in noncontact
mode as described previously. Unreacted PPF/DEF and NIPAM-AAc were removed
by repeated EtOH and MeOH washes followed by a single final DI H20 wash. The wafer
was then immersed in DI H20 to completely dissolve the PVA sacrificial layer.
Grippers were collected into a 20 mL scintillation vial, rinsed with DI H20, and then
stored in DI H20 at 4 °C until use. Structures were made ferromagnetic by
incorporating 5 % w/w Fe203 into the NIPAM-AAc solution before spin coating and

photopatterning.

5.4.2. Modeling of Swelling/Deswelling of Soft Microgrippers

In order to determine the swelling ratio, pNIPAM-AAc films were placed in fresh
DI H20 and incubated at 4 °C for 1 h to reach their equilibrium swollen state.
Specimens were then removed from DI H20, blotted with a tissue, and weighed (n =
8). Specimens were placed back in DI H20 and incubated at 27, 31, 33, 35, 37, and
40 °C. Afterward, the specimens were weighed again in the same manner as described
previously. The swelling ratio (SR) or its inverse function, 1/¢, was then calculated.

We use the following definition for these quantities: SR =1/¢ = Wswollen/Wary.
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The Young’s moduli of swollen PPF and pNIPAM-AAc were measured using a
dynamic mechanical analyzer Q800 (TA Instruments). The specimens were tested at
room temperature in the dynamic mode with a frequency sweep from 0.1 to 10 Hz
under a 0.2 % applied strain for PPF and a 1 % applied strain for pNIPAM-AAc. The
storage modulus at 0.1 Hz was used to represent the Young’s modulus for low strain
rates since the storage modulus was an order of magnitude larger than the loss

modulus at this low frequency.

5.4.3. Cell Culture

L929 (ATCC CCL-1; American Type Culture Collection, Manassas, VA), a
fibroblast murine cell line, was stored at — 80 °C. Aliquots were rapidly thawed and
cultured in 5 % C02/95 % air, 70 % humidity, at 37 °C in complete media (RPMI
supplemented with 10 % fetal bovine serum) until they adhered to the culture flask
and reached 80 — 90 % confluence (usually 2 — 3 days). The monolayer was harvested
by washing the flask 3 times with 5mL phosphate buffered saline (PBS) and then
incubated in the presence of 0.25 % (w/v) Trypsin until the cells became rounded
and detached from the bottom of the flask (usually 3—5 min). The cells were
centrifuged at 1000 rpm for 3 min to remove trypsin and resuspended in cold PBS.
The cells were incubated on ice for 45 min in the presence of 2 mM calcein AM to stain
the cells. Afterward the cells were centrifuged again at 1000 rpm for 5 min to remove

excess dye and to create a L929 tissue-like pellet.
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5.4.4. Gripping of Tissue

Grippers were incubated at 4 °C or on ice to achieve a closed formation and were

carefully dripped on top of each tissue pellet in warm PBS (~37 °C). The grippers

immediately opened and were allowed to close around the tissue pellet (usually
within 5 min). After closure, tissue filled grippers were retrieved with a transfer pipet
and visualized. The gripper process of closing around the tissue pellet was monitored
with an AZ-100 fluorescent microscope. Time lapse images were taken every 2 s until

the gripper closed completely.

5.5. Results and Discussion

5.5.1. Design of Soft Grippers

Our design is based on the combined use of stimuli responsive polymers such as
pNIPAM-AAc with a degradable yet stiff polymer like PPF to increase rigidity of the
actuator. Polymeric grippers were fabricated using sequential photolithography and
fold into 3-D structures based on the swelling/deswelling through water
absorption/desorption in response to temperature (Figure 5.1.). The pNIPAM-AAc
layer serves as a thermally responsive swelling hydrogel layer with a low shear
modulus (Gn = 162 KPa) while the PPF layer serves as the nonswelling, restrictive
layer with a much higher shear modulus (Gp = 16 MPa). Similar moduli values were
previously reported for PPF mixed with ceramic materials showing compressive

strengths ranging from 2 to 30 MPa.201

We used a serial photolithographic method to pattern the PPF/pNIPAM-AAc

microgrippers (Figure 5.2.). It is noteworthy that PPF is typically used in gram

80



quantities for filling bone defects and photopatterning of this material is relatively
new. Hence, it was necessary to develop methods to precisely control the thickness
and lateral resolution of photopatterned PPF films. Specifically, we varied the spin
coat speed, the UV intensity, and the spacing between PPF patterns to reliably mass
produce well-structured microgrippers (Figure 5. 3.) We also note that since the
PPF/DEF solution is much more viscous than the NIPAM-AAc solution, it is preferable
to pattern the PPF/DEF solution first followed by NIPAM-AAc photopatterning. We
observed that when patterned second, the PPF/DEF solution can dislodge the
underlying patterned pNIPAM-AAc structures during spin coating. We also
intentionally did not develop the PPF patterns before the addition of the NIPAM-AAc
solution. It is noteworthy that delamination of bilayer actuators is a concern during
reversible swelling and deswelling cycles. In our case, due to the material properties
and processing, we observed sufficient adhesion between the two films, and we
attribute it to two factors. First, the n-butanol in the NIPAM-AAc solution could
partially develop the underlying PPF leading to polymer chain entanglement. Second,
the reaction between the alkene functional groups of NIPAM, acrylic acid, DEF, and

PPF could lead to improved adhesion at the interface.

5.5.2. Characterization of Gripper Folding

Once released from the wafer and equilibrated in solution, the polymeric
structures were thermally responsive and could fold in both directions as shown in
Figure 5. 4. (A). The literature LCST value for pNIPAM lies between 30 to 35 °C;80

however, it is known that the LCST can be altered by copolymerization of NIPAM with
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other monomers as in pNIPAM-AAc.190.202 We observed the self-folding transition
temperature to be approximately 36 °C. We rationalize self-folding by noting that
above this temperature pNIPAM-AAc is hydrophobic, the polymer collapses causing
the gripper to close with the PPF segments on the outside of a closed gripper. Since
the pNIPAM-AAc layer is opaque during polymer chain collapse, the transition can be
readily observed under a microscope. As the temperature cools below 36 °C, the
pNIPAM-AAc layer becomes clear and swells as it absorbs water causing it to open
and then close in the opposite direction, now with the PPF segments on the inside of

the gripper, as verified over 50 cycles.

We also applied the model to investigate the effect of the gap between PPF
segments, thickness, and modulus on the temperature-dependent folding
configuration. Specifically, we varied the spacing between adjacent PPF segments on
the gripper arms from 20 to 90 pum and found that this had a negligible effect. A
smaller spacing between the rigid segments led to only slightly more folding. In
contrast, both the thickness and modulus of the layers had a pronounced effect. In
order to quantify the extent of folding as a function of these parameters, we plotted
the ratio of the overall diameter of the grippers in the folded state (D) to the unfolded,
flat diameter (Do) while varying these parameters (Figure 5.5.). A smaller value of
(D/Do) signifies greater folding. The thickness of PPF and pNIPAM-AAc was varied
between half to twice the experimental thickness used, i.e., from 5 to 20 pm for PPF
and 10 to 100 pum for pNIPAM-AAc (Figure 5.5. (A)). The thickness of PPF (tp) used

in experiments was approximately 10 pm while the thickness of pNIPAM-AAc (tn)
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used was approximately 34 um when swollen. Increasing the PPF layer thickness
results in a higher (D/Do) ratio signifying lower folding which we attribute to a higher
bending rigidity of the PPF. However, the effect of varying the thickness of the
pNIPAM-AAc layer is more complicated. For example, when the thickness of pNIPAM-
AAc is increased from 34 to 100 pum, the folding decreased only slightly, but when the
thickness of pNIPAM-AAc is decreased from 34 to 10 pum, the folding also decreased
but in a significantly more pronounced manner. We rationalize this result by noting
that thin pNIPAM-AAc layers could not exert enough force to compress the stiffer PPF
layers and bend the gripper arm while very thick pNIPAM-AAc layers were negligibly
affected by the PPF layer. In order to find the optimum thickness of the pNIPAM-AAc
layer, we ran an additional set of parameter studies by changing the thickness of
pNIPAM-AAc layer while keeping the PPF layer thickness 10 um. Our results suggest

that the optimum thickness for the pNIPAM-AAc is around 45 um.

One of the important advances in this study is the validation of the hypothesis
that bilayers composed of a high modulus layer with a hydrogel could increase the
overall stiffness of the soft robotic tool. Hence, we simulated and compared self-
folding ratios for a bilayer microgripper composed of a fixed pNIPAM-AAc modulus
(=162 KPa) as a function of varying modulus of the stiff polymer layer ranging from
the experimentally used PPF polymer modulus (Gp) of 16 MPa to hypothetical layers
with 0.1 and 10 times this modulus, 1.6 and 160 MPa, respectively (Figure 5.5 (B)).
We observed that decreasing the modulus of the PPF by a factor of 10 led to tighter

folding but also resulted in inhomogeneous folding and warping. Increasing the
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modulus of the stiff layer to 10 times that of the PPF resulted in decreased folding due
to increased bending rigidity. Our simulations indicate that a modulus of about 16
MPa for PPF or any other stiff polymer would work best. Currently, we are working
on a contact model to investigate the force between the gripper and tissue using the
finite element method. We are also trying to develop experimental methods to

characterize the contact force for verification of the numerical model.

5.5.3. Finite Element Analysis of Gripper Folding

We developed constitutive models for finite element simulation of the pNIPAM-
AAc and PPF bilayer grippers to study the influence of various design parameters on
gripper folding and unfolding. The model was implemented into the open-source
finite element code TAHOE (Sandia National Laboratories). As shown in Supporting
Information Figure 5. 6., the mesh was discretized using trilinear hexahedral
elements, and a mesh convergence study was also performed to decide the mesh
density. Self-folding results from the model are shown in Figure 5. 4. (B) as a function
of temperature and the ratio of dry to swollen hydrogel weight (¢): the ratio ¢
increases with increasing temperatures as water is expelled. The simulation model is
based on the thermodynamic framework for equilibrium mechanics coupled with
hydrogel swelling187 to describe the thermo-responsive behavior of the pNIPAM-AAc
layer. The free energy of the hydrogel is assumed to be the sum of a mechanical part,
represented by a Neo-Hookean model for the entropy elasticity of the polymer
network with Gaussian chain statistics and a component for the energy of mixing

represented by the Flory—Huggins model.*! The Flory — Huggins parameter increases
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sigmoidally with temperature. The low-temperature and high-temperature values
along with the transition temperature range were determined from the temperature-
dependent swelling experiments described in the Materials and Methods section
(5.3). The effect of diffusion through the micrometer-scale thick hydrogel layer was
neglected, and we assumed the hydrogel was at equilibrium for each test temperature.
A Neo-Hookean model was also applied to describe the mechanical behavior of the
PPF layer. The shear modulus of the two layers was determined by dynamic
mechanical analysis (DMA) described in the Materials and Methods section (5.3).
Simulation snapshots in Figure 5.4. (B) capture the opening and closing behavior of
the grippers with the pNIPAM-AAc film on the inside of the grippers at high

temperatures, and the trends agree with experimental data.

In detail, the deformation gradient, defined as F = d ¢(X)/0X, describes the
mapping of material lines from the reference dry and stress free configuration to the
swollen and stressed configuration. We assume that the deformation gradient can be

decomposed into a mechanical part Fe and a swelling part Fs as:

F=(@)"/?Fe=(qo) '/ f 1)

where ¢ and ¢o are the polymer volume fraction defined from the dry and initially
swollen stress-free state respectively, and f is the deformation gradient mapping
between the initially swollen and existing configuration. The polymer volume fraction
is represented as @ = 1/(1 + vc) where v is the volume per solute molecule and c is

the number of solute molecules per volume.
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We first define the left and right Cauchy-Green tensor as b = FFT and C = FTF and
the first invariant as I7 = trace(b) = trace(C). We also define © = det [F] and O = det
[Fe] as the total volume change ratio and the component caused by the elastic
deformation. The corresponding deformation tensors relative to the initially swollen
intermediate configuration are defined as b* = ffT and ©* = det [f]. The free energy of
the system is assumed to be a combination of the mixing and the entropic change of

stretching polymer chains by swelling and mechanical deformation as:

\P = \Pmixing ((P) + leechanical(F’ ®e)

(2)

The Flory-Huggins model#! is adopted to represent the free energy change from the

mixing of polymers and solvents:

P (@=L (1= ) In(1- )+ 10(1 - 9))
o (3)

where R is gas constant and y is Flory-Huggins interaction parameter. We assumed a
Gaussian distribution for the polymer chains and a volumetric quasi-incompressible
model for mechanical deformation. Thus, the free energy change associated with the

stretching polymer chains203 is:

LIjmecahnical = [i](ll - 3 -2 hl(@)) + (ﬁ}(@i -2 hl ®e - 1)
2 4 (4)

where Gn is shear modulus and Kn is bulk modulus. We assumed that the bulk

modulus is 1000 times that of the shear modulus to achieve the volumetric
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incompressible of mechanical deformation. The Cauchy-Green stress is calculated as
o= (1/0) F (0¥/0C) FT and the chemical potential is obtained as p =9¥/dc.143

Substituting equations (2)-(4) into the previous two equations yields:

G, Ki (2
oc=—(b-1)+—(O —1)1
®( ) 2®( ¢ (5)

n= RT(hl(l—cp)+(P+ xcpz)— iias (®§ —1)
2 (6)

Applying the decomposition in equation 1 of F into f and o as the stress

response can be expressed as,

G Y
c=—} (Po((Po%b _Ij+ Kh* (P0<®§ _1)[
C) 20 (7)

To model thermo-responsive effect, we assumed the following temperature-
dependent function for the Flory-Huggins interaction parameter x,14¢
1 1 -7,
X= E(XL + XH)+ E(XH - XL)tanh(—tj

where y1 and y# is the Flory-Huggins interaction parameters at low temperature and
high temperature, Ttan is the transition temperature and AT is the width of the
transition region. We adopted a generalized Neo-Hookean model for PPF. The Cauchy

stress is represented as a combination of the deviatoric part and volumetric part,
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G, (- 1. (- kK
G:Ep(b _gll(b))+£(®2 —1)1
9)
where b is the deviatoric part of left Cauchy-Green tensor, defined as b = ©-2/3b, and
I1(b) is trace of b. The material parameters for the two materials listed in Table 5.1.

are obtained from the swelling test and mechanical test described in the experimental

section and the detailed information about the procedures can be found.1>>

The constitutive model was implemented in an open-source finite element code
TAHOE (Sandia National Laboratories). Figure 5.6. shows the finite element model
of gripper specimen. The mesh was discretized by trilinear hexahedral elements. The
displacement boundary condition were set as follows,

u(x=0,»2)=0,

u,(x=0,y=0,2)=0,
u(x=0,y=0,z=0)=0. (10)

The simulation starts from the intermediate swollen, stress free state at temperature
T = 35 °C. The equilibrium polymer fraction ¢o is obtained by solving equations (5)
and (6) with condition o = 0 and p = 0. During every time step, the temperature is
changed and the deformation gradient f and polymer concentration ¢ are updated to

satisfy the force balance and chemical potential equilibrium.

5.5.4. Applications of Soft Grippers

The soft microgrippers can be made magnetic through the incorporation of iron
oxide (Fe203) into one of the polymeric layers. Here, 5 % w/w Fe203 was incorporated

into the pNIPAM-AAc layer to achieve better dispersion of the Fe203 throughout the
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layer as compared to incorporation into the PPF layer. These polymeric grippers open
in unison in response to temperature. The Fe:03 particles provide contrast in
visualizing the polymeric grippers which orient themselves in a magnetic field. The
incorporation of Fe203 into the pNIPAM-AAc layer did not affect folding or
photopatterning. By placing an external magnet near the desired location, the gripper
can be guided toward that location (Figure 5.7. (A)). Hence, they could potentially be
directed or retrieved using a magnetic guide wire in a clinical setting as was done

previously with ferromagnetic metallic grippers.72

Importantly, due to increased stiffness of the grippers, we observed that they
were able to grip and excise cells from a fibroblast cell clump (Figure 5.7. (B)).
Fibroblasts are cells found in connective tissue. In these experiments, the grippers
were stored at 4 °C so that they folded completely due to maximal absorption of water
by the pNIPAM-AAc layer. The grippers were pipetted on top of a fibroblast clump

and allowed to open up and then close in warm PBS (~37 °C) around the tissue,

gripping it. The gripper is outlined with a dotted white line to aid in visualization of
the gripper. The cells were stained with the Calcein AM, a commonly used stain to
indicate live cells, and fluoresced bright green. A pipet was used to retrieve the
grippers, and they were visualized with microscopy. After retrieval, we observed cells
within the arms of the grippers. The fluorescent green live cells can be visualized

through the transparent gripper arms (Figure 5.7. (C)).
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5.6. Conclusion

The goal of this study was to create and model stimuli responsive self-folding
soft microgrippers composed of a continuous low modulus actuator layer of pNIPAM-
AAc and stiff segments composed of PPF. pNIPAM-AAc was chosen as an appropriate
actuator material based on its stimuli responsive properties and its method of
actuation by swelling and deswelling in aqueous environments. We have validated
the hypothesis that when this swellable soft hydrogel is combined with a
nonswellable stiff polymer, it endows sufficient strength such that microgrippers
structured in this manner are strong enough to excise cells from a tissue clump. On
the basis of the stiffness, biocompatibility, biodegradability, and photo-crosslinking
of PPF we believe that this is an attractive material for photopatternable soft robotic
actuators especially for medical applications. As we have shown, very thin but robust

films of PPF can be created in any desired shape by spin coating and photopatterning.

Our results suggest that these thermally responsive soft microgrippers actuate
around physiological temperatures. The grippers could be stored in a cold solution,
allowed to fold completely in one direction, and then deployed with a catheter to a
desired location in the body. In the body, this self-folding transition would occur
autonomously as the grippers equilibrate from a cold state to physiological

temperatures as we achieved previously with metallic microgrippers.

The incorporation of magnetic particles into one or both of the polymeric layers
allows the grippers to be remotely directed or retrieved. Since the grippers fold up

compactly at both high and low temperatures, they are small enough to be deployed
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and retrieved using conventional catheters. Further, the compact initial shape would
also reduce shear forces in the catheter during deployment. PPF is naturally
hydrophobic as is pNIPAM-AAc when the temperature is above 36 °C, suggesting that
cells could be grown onto the PPF for other biomedical applications. In cartilage
engineering projects, PPF has been incubated in the presence of fetal calf serum to
allow the adsorption of proteins onto the surface of PPF to promote cell
adherence.z04205 [n addition to cell excision, these magnetic polymeric grippers could
be directed and allowed to latch onto specific tissue locations to deliver therapeutics.
This can be done by incorporating drugs into either the trigger layer or the stiff

segment layer as demonstrated previously.30

Finally, we have validated an important design approach for the enabling of
relatively stiff stimuli responsive soft-tools by pairing a rigid polymer with a thermo-
responsive hydrogel. From a bilayer design perspective, our modeling study shows
that there is an optimal thickness ratio and modulus ratio of the active hydrogel layer
and the stiff structural layer for the folding angle. Self-folding allows such actuators
to respond to stimuli without the need for any wires, tethers, batteries, or power/gas
sources. We envision that this approach could also be utilized with other

photopatternable or printable biomaterials.206
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Table 5.1. Parameters of the constitutive model for pNIPAM-AAc and PPF.

Parameters

Gn (pNIPAM-AAC)

XL

XH

Ttran

AT

Gp (PPF)

Values

162 KPa

0.556

0.710

36 °C

4 oC

16 MPa
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I High modulus (G,= 16 MPa) non-swelling polymer
I Low modulus (G,= 162 KPa) swelling hydrogel

Figure 5.1. Schematic diagram illustrating the reversible self-folding of soft
microgrippers in response to temperature. The photopatterned microgrippers
are composed of stiff PPF segments atop a pNIPAM-AAc layer. Above 36 °C, the
pNIPAM-AAc layer excludes water and contracts which causes the grippers to first
open and then close such that the PPF segments face outward. Below 36 °C, the
pNIPAM-AAc absorbs water and swells which causes the microggripper to open and
then close in the opposite direction such that the pNIPAM-AAc layer faces outward.

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.2. Schematic diagram of the PPF/pNIPAM-AAc microgripper
fabrication process flow. (A) Metal alignment markers were evaporated onto a
silicon wafer and a polyvinyl alcohol (PVA) sacrificial layer and PPF/DEF solution
was deposited by spin coating. (B) Using a conventional mask aligner UV light was
irradiated onto the PPF solution through a dark field mask to cross-link the PPF
segments. (C) A layer of pNIPAM-AAc was added on top of the wafer and leveled by
hand. (D) A second UV exposure through a dark field mask was used to
photopattern the pNIPAM-AAc layer. (E) The uncrosslinked PPF, DEF, NIPAM-AAc
was removed by developing the wafer in alcohol (EtOH and/or MeOH) and DI H20.
(F) The microgrippers were released from the wafer by placing the wafer in DI H20
to dissolve the underlying PVA sacrificial layer.

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.3. Optimization of the photopatterning of the microgrippers. (A) Films
of different PPF thickness ranging from 10 to 100 um were created by controlling
the spin coat speed and the UV exposure intensity. Each point in the plot represents
the average of four measurements along with the standard deviation. (B) Optical
images showing the resolution of photopatterning. The smallest squares that could
be reproducibly patterned were 100 x 100 um squares (the smallest size on the dark
field mask) spaced approximately 130 pm apart. (C) Optical images of developed
PPF/pNIPAM-AAc microgrippers on the substrate prior to release from the wafer.
The image highlights the parallel and mass-producible features of the microgripper
photopatterning process.

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.4. Experimental and simulation image illustrate reversible thermally
responsive self-folding of a representative microgrippers in DI H20. (A) Images
of a closed gripper with PPF segments on the outside opening as the temperature is
decreased below 36 °C and then folding back on itself to become a closed gripper
but with the PPF segments on the inside. On heating the self-folding process
reverses, and reversibility was verified over 50 cycles (data not shown). In the
absence of any thermal gradients associated with heating the grippers, we estimate
the experimental time scale for actuation on the order of minutes. (B) Simulation
snapshots are in agreement with the experimental trends and suggest that the
extent of gripper folding depends on the temperature and the swelling function ¢.

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.5. FEM sensitivity analysis exploring the dependence of the
microgripper diameter reduction ratio (D/Do) on the (A) thickness of the
pNIPAM-AAc and PPF layers and (B) the modulus of the stiff layer.

Reprinted with permission from ]. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.6. Finite element model of gripper specimen

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, |. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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Figure 5.7. Applications of the soft thermoresponsive self-folding grippers. (A)
Video snapshots showing guidance of Fe203 doped polymer grippers between two
round black marks using a magnetic probe. (B) Capture and excision of cells from a
live cell fibroblast clump. (C) Gripper with excised cells within its grasp. The dashed
lines are added to aid visualization of the gripper and the excised cells.

Reprinted with permission from J. C. Breger, C. K. Yoon, R. Xiao, H. R. Kwag, M. Wang, ]. Fisher,
T. D. Nguyen and D. H. Gracias, “Self-Folding Thermo-Magnetically Responsive Soft-
Microgrippers,” ACS Applied Materials & Interfaces, vol. 7, pp. 3398-3405, 2015.
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6. Control of Untethered Soft Micro Grippers for Pick-and-place
Tasks*

6.1. Overview

In order to handle complex tasks in hard-to-reach environments, small-scale
robots have to possess suitable dexterous and untethered control capabilities. The
fabrication and manipulation of soft, small-scale grippers complying to these
requirements is now made possible by advances in material science and robotics. In
this paper, we use soft, small-scale grippers to demonstrate pick-and-place tasks. The
precise remote control is obtained by altering both the magnetic field gradient and
the temperature in the workspace. This allows us to regulate the position and
grasping configuration of the soft thermally-responsive hydrogel-nanoparticle
composite magnetic grippers. The magnetic closed-loop control achieves precise
localization with an average region-of-convergence of the gripper of 0.12+0.05 mm.
The micro-sized payload can be placed with a positioning error of 0.57+0.33 mm. The
soft grippers move with an average velocity of 0.72+0.13 mm/s without a micro-sized

payload, and at 1.09+£0.07 mm/s with a micro-sized payload.

* Reprinted with permission from

1. F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh, D. H. Gracias, and S. Misra,
“Control of Soft Untethered Grippers for Pick-and-Place Tasks,” Proceedings of the IEEE
RAS/EMBS International Conference on Biomedical Robotics and Biomechatronics (BioRob)
(IEEE BioRob), pp. 299-304, 2016.

100



6.2. Introduction

The ability of untethered, small-scale robots to handle nontrivial tasks has been
demonstrated in a broad variety of applications, such as manipulation, assembly and
microactuation.”1.207.208 However, traditional small robots are often passive with no
shape-changing capabilities. This results in limited dexterity that restricts the
complexity of achievable tasks. In contrast, robots with gripping capabilities provide
significant advantages in achieving complex tasks. Small-scale grippers have enabled
a wide set of applications, like precise micro-assembly, minimally invasive surgery,
genetics, cell manipulation and mechanical characterization.20°-212 For instance,
Gultepe et al. demonstrated the feasibility of an in vivo biopsy of the porcine bile duct
using thermally responsive grippers.”? Ichikawa et al. demonstrated the enucleation

of bovine oocytes using untethered millimeter scale grippers.211

In the aforementioned studies, the small size of the grippers has been exploited
to perform tasks that would otherwise be unfeasible with traditional techniques.
Nonetheless, at least four main challenges need to be overcome before untethered
grippers can be broadly used in biomedical applications; (1) Further miniaturization
of the grippers combined with untethered operation has to be achieved. (2) Precise
closed-loop control of motion and grasping of the grippers has to be realized. (3) The
grippers have to reliably manipulate micro-sized objects. (4) The grippers have to be
fabricated using biocompatible materials and operate in a manner that poses no risk

to humans.
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Size reduction and untethered actuation are critical to enable maneuverability of
small-scale grippers in hard-to-reach environments. Conventional robotic
approaches with electrical motors and actuators do not allow for significant
miniaturization of the electronic components and on-board batteries. Hence, the use
of wirelessly powered self-folding robots have drawn interest and shown promising
results.30.132,182,213-216 A family of prominent self-folding structures are composed of
hydrogels. Hydrogels have several attractive properties of relevance to untethered
small robots. Many can be constructed with biocompatible and even biodegradable
polymer chains or cross-linkers making them attractive for biomedical applications.
They can function in aqueous media of relevance to biology and medicine. Their soft
and squishy nature allows them to mimic the touch and feel of biological and even
human appendages. Finally, they can be photopatterned into definite shapes so that

they can change their shape on swelling and shrinkage.28

In this chapter, self-folding is achieved by constraining the swelling of the
hydrogel using a stiff polymer (SU-8). As previously demonstrated this combination
of a stiff polymer with a reversibly swelling hydrogel can be used to create microtools
with significant strength and applicability for grasping applications. In a related study,
Breger et al. doped the polymer with magnetic nanoparticles to demonstrate open-
loop control of soft grippers.”* We utilize similarly designed grippers to realize
closed-loop control and obtain levels of precision and reliability that are not
achievable in open-loop. Closed-loop control of hydrogel grippers have also been

reported by Fusco et al.132213 The main differences between Fusco et al.132213 and our
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study are: (a) The previously reported grippers132213 were not magnetic themselves,
so magnetic motion control was only possible when they gripped onto a magnetic
object. (b) Previously near-IR radiation was used to heat the grippers whereas here
we use a Peltier element. (c) The numerical results and analysis of the closed-loop
motion control and pick-and-place tasks were not reported. Consequently, the

accuracy of previously reported tasks remains unclear.

In this study, we demonstrate and analyze the performance of loaded and
unloaded grippers that can be precisely localized and positioned in two-dimensional
space using closed-loop motion control. We exploit the self-folding properties of the
hydrogel to provide temperature control and regulate the configuration of the
grippers. Finally, through the synergy of magnetic and temperature control, we
demonstrate the capability of grippers to execute pick-and-place of micro-sized

objects.

6.3. Experiments

In this section, the magnetic and thermal systems are described. Subsequently,
we illustrate the fabrication process of the gripper and the techniques applied for

their magnetic and thermal characterization.

6.3.1. Magnetic and Thermal Systems

Our magnetic system consists of six orthogonally oriented electromagnets
surrounding a Petri dish with an attached Peltier element (Figure 6.1.).217 The
electromagnets are controlled using a proportional-integral-derivative (PID)

controller.21®8 Each electromagnet is powered by an Elmo Whistle 1/60 servo
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controller (Elmo Motion Control, PetachTikva, Israel). A color camera (Point Grey
Research Inc., Richmond, Canada) and a microscope (Mitutoyo, Kawasaki, Japan) are
used to track the grippers. The system can generate magnetic fields with maximum
magnitude of 15 mT with 60 mT/m gradients. These magnetic fields are safe in
clinical applications, where fields of up to 1.5 T are used daily in magnetic resonance

imaging.

A Peltier element is used to regulate the temperature of the water where the soft
grippers are floating. The element is attached below the Petri dish with conductive
double-sided tape and controls its temperature by conduction. An Arduino Uno
(Arduino, Ivrea, [taly) micro-controller powers and controls the Peltier element using
Proportional-Derivative (PD) control.218 The PD temperature controller is able to
achieve a steady-state error of about 1°C and can heat the water at an average rate of

10 °C/min. A commercial thermometric probe is used in the PD control loop.

6.3.2. Fabrication of Soft Grippers

In order to fabricate the segmented SU-8/continuous poly (N-
isopropylacrylamide) (pNIPAM-AAc) bilayer grippers, a 90 % hydrolyzed polyvinyl
alcohol (PVA) sacrificial layer is spin coated onto a silicon (Si) wafer and then baked
at 115 °C for 5 minutes (Figure 6.2.). SU-8 is then spin coated on the PVA at 2000
rpm followed by a pre-bake process at 70 °C for 1 minute, 115 °C for 3 minutes, and
70 °C for 1 minute. The 21 pm-thick SU-8 film is then photopatterned using a
photomask and exposed to 180 m]/cm? ultraviolet (UV) light (365 nm) to initiate

crosslinking. Further, post baking is carried out at 70 °C for 1 minutes, 115 °C for 3
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minutes, and 70 °C for 1 minute. Uncrosslinked portions of the SU-8 are removed
using a commercial SU-8 developer for 1 minute and then washed with acetone for 1
second and isopropyl alcohol (IPA) for 10 seconds before being dried with
compressed air. In order to make the 34pum thick magnetic second layer of pNIPAM-
AAc, 5 % w/w biocompatible iron (III) oxide (Fe203, Sigma-Aldrich, St. Louis, USA) 50
nm nanoparticles are incorporated into the pNIPAM-AAc stock solution.”# The
obtained pNIPAM-AAc solution including Fe203 is patterned on the previously
photopatterned SU-8 segments using a second dark field mask and aligned in non-
contact mode using spacers. Once deposited and aligned, pNIPAM-AAc is exposed to
40 m]/cm? UV light to initiate crosslinking. A wash in acetone and IPA is used to
remove uncrosslinked pNIPAM-AAc before drying using compressed air. Finally, the
wafer is immersed in DI water overnight to completely dissolve the PVA sacrificial
layer. When fully opened, the grippers have a hexagram shape with a tip-to-tip
dimension of 4 mm. When fully closed, the grippers have the shape of a sphere with

an approximately 0.4 mm radius.

6.3.3. Magnetic Characterization of Soft Grippers

We characterize the grippers resulting from this fabrication process evaluating
their magnetic dipole moment and thermal behavior. The magnetic dipole moment of
the grippers (mg &R3*1) is required for modeling purposes. In order to evaluate myg,
the grippers are assumed to have a uniform Fez03 distribution. We divide the six-tip
gripper in three pairs of counterposed two-tip dipoles. The magnetic dipole moments

of the latter ones (meps =R3*1) can be superposed to obtain my (Figure 6.3.). The
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magnitude of meps is experimentally measured using the U-turn technique, after
removing four tips from the gripper to obtain a two-tips dipole.21° The two-tip dipole
align along the magnetic field lines, reversing the field direction cause them to

perform a U-turn whose diameter (D) is given by

_ anlP
|1n:,i;?s | |B||:P )

5

(1)

where P €R31 is linear velocity of the dipole, and «a is its rotational drag coefficient.
We calculate the value of a to be 2.2x10-11 Am2sT approximating the two-tip dipole
by a cylinder.220 In order to determine the magnetic dipole moment, we apply uniform
magnetic fields of 3.5 mT. The fields are reversed to initiate the U-turn. The
experiment is repeated 20 times. The average U-turn diameter and velocity are
0.19+£0.05 mm and 0.73+0.13 mm/s, respectively. Using (1) we obtain |mu¢ips|
=3.5x10-8 AmZ2. The direction of mejps is determined using mips = pd = |mejps|*d /| €|
where p &R is the magnetic pole strength and d &R3*1 is the vector separating the
two poles.221 Finally, the magnetic dipole moment of the gripper is computed as the
superposition of three rotated two-tip dipoles. The magnitude of mg results 7x10-8
Am? while its orientation with respect to the gripper is represented in Figure 6.3. We
note that the adopted technique overestimates the magnetic dipole moment of the
central overlapping part. However, this section is assumed to have a negligible effect

on the overall magnetic dipole moment due to its small d.
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6.3.4. Thermal Characterization of Soft Grippers

We also characterize the thermal response of the grippers. For this purpose, the
temperature of the water was increased until the gripper was fully closed, and then
decreased to room temperature. During this procedure, the gripper changes its
configuration from star-shaped to spherical, and back (Figure 6.4.). Therefore, we
use the diameter of the gripper to evaluate its configuration. Five successive opening
and closing cycles were analyzed for three different grippers. The results are shown
in Figure 6.4. The grippers on average completely opened at temperatures below
24 °C and fully closed above 27 °C. However, we noticed a variance of these
boundaries depending on the temperature dynamics. Open grippers closed at lower
temperatures than the ones at which closed grippers opened. We attribute this

behavior to the heating rate being higher than the cooling rate.

6.3.5. Tracking and Control

Magnetic-based wireless control techniques are used for the motion control of
grippers. These are based on the ability to map the currents at the electromagnets

into the electromagnetic forces exerted on the grippers using,

F(P} = {mmg ' v}B[P} = ﬁ[:lnmﬂ'- PJI * (2)

where F are the electromagnetic forces acting on the soft gripper, B(P) €R3*land I &
Ré*1 are the magnetic field produced by the electromagnets and their currents,
respectively, and A(mmg, P) SR3%6 is the actuation matrix, which maps the input

currents into magnetic forces.222 The forces are then regulated using a two-input,
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three-output Multi-Input Multi-Output (MIMO) PID controller. The two inputs of the
regulator are the x— and y-coordinates of the gripper. The output F is subsequently

mapped into I using the pseudo-inverse of A(mmg, P).223

The computation of the force-current map (A) requires the knowledge of B(P)
and mmg. The B(P) of our setup has been evaluated in previous studies, using a finite
elements model analysis, and successively verified using a calibrated three-axis Hall
magnetometer.224 The value of mmg is estimated in Sec. 6.3.3., the tracking procedure

to obtain P is presented in Sec. 6.3.5.

The tracking process is composed of two steps. The first step aims at extracting
the gripper contour from the input image, and is presented in Figure 6.5. The points
of this contour are subsequently mapped to the imaginary plane at the beginning of
the successive step. The selected equation for this mapping is zn = xn + iyn for n = 0,
1, .., N where N is the number of the re-sampled contour points, xn and yn are the
coordinates of the n-th re-sampled point, and i is the imaginary number.22> We use
this uniform sampled complex representation to calculate the Discrete Fourier

Transform (DFT) coefficients by,

N-1

1 —i2mnk _
Zy = N ﬂZ::l Zn EXD (T) forn=0,1,...,.N —1,

(3)

where k &Z goes from -15 to 16. The DFT coefficients provide us the position, scale

and orientation of the gripper.2%5 In order to increase noise rejection, we ignore all
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the contours that are not 6-fold symmetric by only tracking objects that satisfy the

following conditions:226

5 16
Zs> | 2 B D
k=-—15 (4)

A1 =

9 16

where Zr are normalized Fourier descriptors. Furthermore, we set a threshold
constraint on the ratio between contour and area of the contour. This value must be
between 0.5 and 1 in order to avoid erroneous tracking of other 6-fold symmetric

objects.

For the purpose of dealing with uncertainties in the tracking, we implemented a
standard Kalman filter.227 The Kalman filter provides a one-step ahead estimation of
positions and velocities, using current positions and control input. The process noise
is assumed to be a random variable with a Gaussian distribution N(0, Q), Q &R**4

being an empirically determined covariance matrix.

6.4. Results and Discussions

In this section, we evaluate the performance and capabilities of the grippers.
First motion control experiments are performed. Following these experiments,
through the cooperation of motion and temperature closed-loop control, we assess

the performance and capabilities of the grippers in pick-and-place tasks.
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6.4.1. Motion Control of Micro Grippers

In these experiments, we evaluate the closed-loop control of soft grippers during
point-to-point control and tracking of circular and square paths (Figure 6.6.). The
experiments are performed both when the grippers are unloaded, and loaded with a
500 pm diameter polystyrene bead (Polysciences, Warrington, USA) (micro-sized
non-magnetic payload). The circular path has a radius of 3mm. The square path has
sides of 6 mm. In order to verify the statistical reliability of the results, we perform
50 experimental trials for each task, using 10 different grippers without the micro-
sized payload. The experimental results are tabulated in Table 6.1. The grippers
without micro-sized payload move with an average velocity and positioning error of

0.724£0.13 mm/s and 0.11+0.1 mm, respectively.

The average positioning error for the 150 experimental trials is 3 % of the body
length of the gripper. The error never reaches values above 5.5 % of the gripper body
length and such errors only occur during sharp turns, when the magnetic dipole
moment of the gripper and the magnetic field are the least aligned, resulting in a

weaker magnetic force from equation (2).

In order to determine whether the performance difference among different
grippers can be considered statistically negligible, we performed a Two One-Sided T-
test (TOST).228 The tests revealed statistical equivalence, with 90 % interval
confidence, suggesting that all soft grippers behave similarly. Consequently, the
number of experimental trials of motion control experiments of grippers with the

micro-sized payload was reduced to 15 trials. These experiments followed the
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previously presented methodology and the results are tabulated in Table 6.1. The
grippers with the micro-sized payload moved 52 % faster than grippers without the
micro-sized payload, with an average velocity and positioning error of 1.09+0.07
mm/s and 0.17+0.23 mm, respectively. We attribute this increase in speed to the
compact folded spherical-shape of the closed cargo loaded gripper which reduces the

shear forces with the water and the side-walls of the dish.

6.4.2. Pick-and-place Tasks

In this section, we highlight the ability of grippers to perform pick-and-place
tasks. A gripper is positioned above a 500 um spherical plastic bead. Once the position
is reached, the temperature is raised to 40 °C. This causes the gripper to close, and
grasp the bead. Therefore, the micro-sized payload is captured within the gripper and
can be dragged to the desired dropping location. The releasing procedure is activated
by decreasing the temperature below 25 °C. The experiment is repeated five times
with an average positioning error of the bead of 0.57+0.33 mm. The micro-sized

payload is transported for 1.5 cm with an average velocity of 1.09+0.07 mm/s.
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6.5. Conclusions

In this chapter, we characterize soft, self-folding grippers and analyze their
capabilities and performance. Moreover, we demonstrate their ability to pick-and-
place micro-scale objects. The gripper can be localized and follow trajectories with
average positioning errors of 0.03 body lengths and speeds of 0.2 body lengths per
second. Pick-and-place tasks are completed at average velocity of 1.09+0.07 mm/s

and positioning error of the micro-sized object of 0.57 mm.

The experiments are enabled via two significant advances in materials science
and robotics which include, (1) The fabrication of reversible soft-actuating grippers
that harness mechanical energy and shape change from swelling; hence, they do not
need wires, batteries or external power sources for actuation. (2) The ability to
control the local temperature and magnetic field in a closed-loop with high accuracy.

As part of future work, grippers will be controlled in three-dimensional space.
Furthermore, fully-autonomous pick-and-place of irregularly shaped objects will be
studied. Moreover, advanced control techniques (e.g., cascade control) will be used to
optimize the tracking of more intricate paths. Also, the Fe203 pattern of the grippers
will be exploited in order to utilize the presented system in clinically-relevant

applications using medical imaging systems.
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Table 6.1. Experimental motion control results of soft grippers for point-to-
point, circular and square trajectories.

The average speeds and Euclidean-norm of average positioning error are reported
with the respective standard deviation (150 and 15 experimental trials are
conducted for grippers without and with the micro-sized non-magnetic payload,
respectively).

Micro-grippers without payload Micro-grippers with payload

Experiment Average speed Error Average speed Error

Point to point  804+107 pm/s 129456 pm 110460 pmi's 236444 pm
Circular 6294132 pmfs 123495 pm 1081 £42 pmfs 171120 pm
Square 731£115 pmfs 93104 pm 108949 pmis  130£126 pm
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Figure 6.1. Photographs of the electromagnetic and thermal systems used to
control the soft grippers. The system consists of 6 orthogonally configured coils,
and a Peltier element. The electromagnetic coils have a cutoff frequency of 70 Hz
and a maximum current rating of 1 A. The system generates a maximum magnetic
field and magnetic field gradient of 15 mT and 60 mT/m, respectively. Bottom:
Snapshots showing the gripper grasping a micro-sized bead. The scale bar is 0.8
mm.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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Figure 6.2. A schematic of the fabrication process of the soft grippers: (a) SU-8
is spin-coated on a polyvinyl alcohol (PVA) sacrificial layer. (b) The SU-8 film is
photopatterned and exposed to ultraviolet (UV) light. (c) A 95% poly N-
isopropylacrylamide (pNIPAM-AAc) and 5 % biocompatible Fe203 layer is deposited
on the SU-8 layer. (d) The coated surface is photopatterned and exposed to UV light
to obtain segmented, multi-fingered, bilayer grippers with rigid phalanges and
flexible joints. (e) Schematic images of the untethered grippers in open and closed
(grasping) configurations. Also shown is a side-view of a single hinge.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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Figure 6.3. Schematic of the trajectory of the two-tip dipole during the U-turn
experiments for magnetic characterization. Left inset: A graphical representation

of the magnetic dipole moment of the soft gripper as a superposition of the magnetic
dipole moments of its two-tip dipoles.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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Figure 6.4. Results of the opening and closing characterization of the soft
grippers (15 experimental trials): The red and blue lines show the average
configuration of the grippers when they are heated and cooled, respectively. The
corresponding shaded areas depict the standard deviations. The coefficient C is an
indicator of the configuration of the grippers and varies from 1 (for an open
configuration) to O (for a closed configuration). The value is computed as C =
(D(T)~Declosed) /(Dopen—Dclosed) , where D(T) is the diameter of the contour of the
gripper at temperature T, Dclosed and Dopen are the diameter values for the completely
closed and open gripper, respectively. The scale bar is 0.8 mm.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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(a) (b) (c) (d)
Figure 6.5. Flowchart illustrating the steps in the contour-extraction process
for the soft grippers. (a) Input image from the microscope in Red-Green-Blue
(RGB) colorspace. (b) The input is converted to Hue-Saturation-Value (HSV) color
representation to separate chrominance from luminance and achieve glare
robustness. (c) The image binarized using a Gaussian-window threshold after the
application of a median filter. (d) The extracted contour of the gripper. The scale bar
is 0.8 mm.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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Figure 6.6. Representative closed-loop motion control experimental results of
a gripper. (a) An example of point-to-point motion control experiments. The red
lines represents the setpoint, the blue line the trajectory of the gripper, and the red
circles the Region of Convergence (ROC). (b) and (c) depict the trajectory following
experiments. The green dashed path represents the reference trajectory, the black
line shows the path of the gripper, and the red area represents the standard
deviation for the corresponding point among all the experiments. The insets show
the positioning error in the highlighted parts of the trajectories.

Reprinted with permission from F. Ongaro, C. K. Yoon, F. van den Brink, M. Abayazid, S. H. Oh,
D. H. Gracias, and S. Misra, “Control of Soft Untethered Grippers for Pick-and-Place Tasks,”
Proceedings of the IEEE RAS/EMBS International Conference on Biomedical Robotics and
Biomechatronics (BioRob) (IEEE BioRob), pp. 299-304, 2016.
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7. Autonomous Panning and Control of Soft Untethered Grippers in
Unstructured Environments*

7.1. Overview

The use of small, maneuverable, untethered and reconfigurable robots could
provide numerous advantages in various micromanipulation tasks. Examples include
microassembly, pick-and-place of fragile micro-objects for lab-on-a-chip applications,
assisted hatching for in-vitro fertilization and minimally invasive surgery. This study
assesses the potential of soft untethered magnetic grippers as alternatives or
complements to conventional tethered or rigid micromanipulators. We demonstrate
closed-loop control of untethered grippers and automated pick-and-place of
biological material on porcine tissue in an unstructured environment. We also
demonstrate the ability of the soft grippers to recognize and sort non-biological
micro-scale objects. The fully autonomous nature of the experiments is made possible
by the integration of planning and decision-making algorithms, as well as by closed-

loop temperature and electromagnetic motion control.

* Reprinted with permission from

1. F. Ongaro*, S. Scheggi®, C. K. Yoon*, F. van den Brink, S. H. Oh, D. H. Gracias, and S. Misra,
“Autonomous Planning and Control of Soft Untethered Grippers in Unstructured
Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DO0110.1007/s12213-016-0091-1

#: Equal contributions.
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These grippers are capable of completing pick-and-place tasks of biological
material at an average velocity of 1.8+0.71 mm/s and a drop-off error of 0.62+0.22
mm. Color-sensitive sorting of three microscale objects is completed at a velocity of
1.21£0.68 mm/s and a drop-off error of 0.85+0.41 mm. Our findings suggest that
improved autonomous untethered grippers could augment the capabilities of current

soft-robotic instruments especially in advanced tasks involving manipulation.

7.2. Introduction

Small-scale robots have shown promising results in a variety of tasks, ranging
from micromanipulation?14229-231 and microassembly?32233 to minimally invasive
surgical (MIS) interventions, such as biopsies’2 and targeted drug delivery.71.197.234.235
In many of these tasks there is a need to move and transport objects with high
precision in unstructured environments. Examples include pick-and-place of fragile
objects for lab-on-a-chip applications, assisted hatching for in-vitro fertilization,
assembly and repair of printed circuit boards (PCB) and of microelectromechanical
systems (MEMS), angioplasty and embolization.236-240 Untethered small-scale robots
with soft, maneuverable and reconfigurable components could perform these
procedures, improving functionality. For this purpose, the robots would have to
possess reliable and robust motion and grasping capabilities. Soft grippers might
represent a viable solution. The reliability and robustness of large-scale soft grippers
have been heavily demonstrated, as they are a reality in the market for
manipulators.241.242 Additionally, closed-loop control would be necessary to achieve

the required high levels of precision and robustness.
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However, the implementation of closed-loop control at such scales presents
significant challenges. Furthermore, small-scale robots have to satisfy at least four
requirements for applicability. They must: #(1) possess an untethered structure that
allows them to move in tortuous environments; #(2) allow manipulation along
accurate trajectories in unstructured environments; #(3) have sizes that allow them
to reach and move within constrained environments; and #(4) be capable of detecting
and promptly reacting to variations of their surroundings. Various untethered agents
capable of manipulation on small size scales have been described
previously.132208,210216 Among these, self-folding hydrogel soft grippers allow the
decoupled control of motion and grasp.243 Their ability to wirelessly harness power
from the surrounding environment offers a solution to requirement #(1).2872 They
can be fabricated in sizes that are compatible with applications such as in-vitro
fertilization, PCB and MEMS assembly, and allow access to the major vascular vessels,
satisfying requirement #(3).74212 Furthermore, requirements #(2) and #(4) can be
fulfilled by using accurate decision-making and tracking algorithms, closed-loop
control, and fast online trajectory planning that exploits the ferromagnetic properties
of the grippers. The synergy of such algorithms can make the system fully-

autonomous, greatly increasing performance consistency and success rates.244

Although several pathfinding algorithms have been developed in recent years,
only few have been applied to magnetic agents in an experimental scenario. Khalil et
al. implemented a 2D path planner based on the A* algorithm and the Artificial

Potential Field approach for paramagnetic microparticles.?4> A path planner based on
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the Rapidly-exploring Random Tree algorithm was developed for biological cell
transportation using optical tweezers.246 Recently, an experimental comparison of six
path planning algorithms when applied to the motion control of paramagnetic micro-

particles was presented.247

In this work, we show the potential of soft, untethered grippers in tasks that
involve autonomous manipulation, as well as obstacle recognition and manipulation
in unstructured environments (Figure 7.1.). Two experiments are performed for this
purpose. In the first, soft bilayer grippers are used to perform the pick-and-place of
soft irregularly-shaped biological material in the presence of both static and dynamic
obstacles. The second experiment demonstrates that soft grippers can autonomously
recognize, classify, and manipulate regularly-shaped micro-scale rigid objects. In both
experiments, the soft grippers utilize their six tips to grasp a micro-scale object and

constrain it in all directions. (Figure 7.1.).

It should be noted that soft grippers were previously manipulated using robotic
control.132 However, there are several important differences between our work and
this previously reported study. Firstly, previously utilized grippers had a
homogeneous mechanical composition, whereas our soft grippers are designed with
rigid segments and flexible joints. This design feature seeks to mimic biological
appendages such as hands, and ensures a robust grasp of the transported microscale
objects, even in the case of abrupt jerks. Secondly, as compared to previous work in
which the gripper itself was not magnetic but rather was moved by a magnetic object,

we have succeeded in doping the grippers themselves with magnetic nanoparticles to
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allow motion control even when the grippers are not grasping a magnetic object.
Furthermore, bulk magnetic doping was chosen instead of a surface coating to
preserve the soft material characteristics of the gripper and prevent the corrosion or
delamination of the magnetic cladding in media such as acid fluids or blood.
Additionally, in this work the grippers are fully autonomous; i.e., they are able to
interact with the environment and automatically adapt their behavior in real-time to
changes in the scenario. Consequently, the aforementioned tasks can be
autonomously performed in a faster, safer, and more robust way. Finally, a novel high
sampling rate technique that makes use of an XYZ Cartesian robot is used in order to
model and validate the electromagnetic system. Such validation at high density and
resolution not only ensures the reliability of the model, but also enables the reliable

computation of the magnetic field gradient.

7.3. Experiments

The detailed gripper fabrication process has been described previously74 with
one design change in that we replaced the stiff polymer with SU-8, a widely available
photopatternable polymer. Briefly, bilayer grippers (Figure 7.2. (a)) were composed
of lithographically photopatterned segmented SU-8 (Figure 7.2. (b)) and continuous
poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAM-AAc) (Figure 7.2. (c)).
Furthermore, in order to make magnetically responsive soft grippers, 5 % (w/w)
biocompatible iron (III) oxide (Fe203, Sigma-Aldrich, St. Louis, USA) 50nm
nanoparticle powder was mixed with the pNIPAM-AAc solution prior to crosslinking.

The soft grippers open and close reversibly due to a phase transition and associated
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swelling or shrinkage in the pNIPAM-AAc layer in response to temperature changes
(Figure 7.2. (d-f)). When fully opened, the grippers have a tip-to-tip distance of 4

mm and a 0.4 mm radius of overall sphere when fully closed.

The F203 nanoparticle patterning and the magnetic field gradient generated by
an array of six orthogonal iron-core electromagnets (Figure 7.1.) can be used for
closed-loop motion control of the grippers. To perform autonomous, accurate and
robust pick-and-place of biological material in unstructured environments, the
following modules are necessary: (1) an accurate image-guided tracking algorithm;
(2) areactive motion planner which uses the information from the tracker to compute
suitable motion control inputs for the gripper. In the next section, we describe the

tracking algorithm used to estimate the pose of the gripper.

7.4. Results and Discussions

7.4.1 Detection and Tracking of Grippers

Let p = [x, y]T €R2*1 be the position of a gripper in 2D space. The state of the
gripper is defined as x = [x, y, vx, Wy ]T ER*1where vx, vy represent its velocities. Let
us consider the miniaturized gripper as a second order system controlled by applying

suitable force inputs.

The tracking algorithm is shown in Figure 7.3. and estimates the state x" and the
configuration (open/close) of the gripper at runtime. In the initial phase, it
determines the position p of the gripper. This phase is composed of two steps. The
first step extracts the contour of the gripper from the binarized color-saturation level

of the image. The input to the proposed method is a 1024x1024 Red-Green-Blue
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(RGB) color image acquired using a Charge-Coupled Device (CCD) connected to a
microscopic lens. In the presented work, the Hue-Saturation-Value (HSV) color space
is selected. Then, the coordinates of the selected color space are bounded; i.e., specific
values of the axis of the color space are selected in order to detect a particular color.
The bounds are chosen empirically; i.e., by examining the distribution of colors in a
preselected set of images. Morphological filtering and opening are used in order to
segment the image. Finally, small blobs are removed and the remaining, adjacent

blobs are merged and kept for further consideration.

In the second step, normalized Fourier Descriptors (FDs) Zx, k €[-15,..,, 16] are
obtained by applying the one-dimensional Discrete Fourier Transform (DFT) to the
complex-valued representation of the 2D contour points. FDs provide us with the
position and scale of the gripper.22> To increase noise rejection, we ignore all the
contours that are not 6-fold symmetric by only tracking objects that satisfy the
conditions described at 6.3.5. Tracking and Control chapter. Furthermore, we set a
threshold constraint on the ratio between the number of pixels of the perimeter and
of the area of the contour. This value must be between 0.5 and 1 in order to avoid

erroneous tracking of other 6-fold symmetric objects.

To compute the estimated state X from position measurements p, we implement
a standard Kalman filter?48 to consider the second order model of the gripper and
control-inputs. Assuming a constant sampling At of the system, the Kalman filter
provides an estimation of the current state X as well as a one-step ahead prediction

of X. The process and measurement noises are obtained from zero mean multivariate
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Gaussian distributions N (0, Q) and N (0, R), respectively, where Q &R% is the
process noise covariance matrix and R ©R?*Z is the measurement noise covariance
matrix. Q is determined by empirically tuning its parameters, while R is computed by

analyzing offline the tracked positions of the gripper using a zero-phase filter.

To speed up the detection procedure, temporal continuity is exploited to track
the grippers in a sequence of frames. Given the estimated state X of the tracked
gripper from the previous frame, the image pixels that are within a preset range from
that estimation are kept, whereas the remaining pixels are discarded. The proposed
tracker runs at an average frame rate of 50 frame per second on a PC that has an Intel

Xeon CPU 3.2 GHz processor and 8 GB of RAM.

7.4.2. Motion Planning

The estimated state X of the gripper is then provided to a motion planner for the
computation of a collision-free trajectory. Among possible motion planners, a Rapidly
exploring Random Tree (RRT) is used. The RRT outputs forces that are mapped to
currents at the electromagnets. For this purpose, a force-current map is developed

using Finite Element Model (FEM) analysis.

The RRT is able to deal with real-valued spaces of extremely high dimension
while handling the dynamics of the system. The planner is rooted at the gripper’s
initial state Xswart = X. At each iteration, the algorithm samples a collision-free state
Xsample in the environment, finds its nearest neighbors xXu» in the tree, and computes
feasible control forces (F &R3*1) that grow Xn» toward Xsample. The output of the RRT

is a motion plan T
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I'= [(Xstm‘ta Fsmrt): - (XSa FS)];

where S is the number of steps (Algorithm 1). Each entry of the motion plan
represents a control input that is applied to the agent after every time interval At.
Unlike path planning algorithms, which provide waypoints to the robot, RRTs directly

provide feasible control inputs F.

Algorithm 1 The Rapidly-exploring Random Tree
(RRT) T is rooted at the initial state Xz Of the grip-
per. At each iteration, a new state Xgsampie i sampled,
and the node Xnn of T closest to Xsample is computed.
A feasible control F,.,, that grows x,,,, toward the sam-
pled state is applied. The output of the RRT is a motion
plan I'. The planner is executed every time interval T.

1: function BUILD_RRT

T < Xstart:

while k < T do
Xsample +— RANDOM_STATE_GOALZOOMY();
Xnn +— NEAREST NEIGHBOUR(T, Xcampie);
(Xnew; Frew) + CONNECT(Xnn, Xsample);
if COLLISION_FREE(xnew,; Frew) then

T +— ADD(Xpew, Frew);

9: end if

10: end while

11: I' «+ COMPUTE_PLAN(T);

12: return [

13: end function

In the experimental validation, an RRT-GoalZoom policy is used to generate a
new random state based on a biased coin toss.?4? The algorithm relies on this state to
choose arandom sample from either a region around the goal or from the whole space.
During the planning procedure, instead of extending the RRT by an incremental step,
the algorithm iterates until the random state or an obstacle is reached. Finally, a fixed
planning time interval of T = 0.1 s is selected. At the beginning of the task, the RRT

computes the motion plan. Successively for each period of duration 7, the system
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updates the planned trajectory that will be ready for the next planning time interval
T. The proposed motion planner allows the system to run autonomously without any
need for human intervention during standard operations. This not only reduces the
system response time below the average human reaction time (400 ms)250 to an
average of 100 ms, but also lessens - if not eliminates - the need for human
supervision. This, combined with the higher repeatability of fully-autonomous

systems, greatly increases performance consistency and success rates.

7.4.3. FEM Modeling and Validation

Once the RRT planner has computed the obstacle-free motion plan T, suitable
currents have to be applied to the magnetic coils in order to exert the desired forces
F;,i=1,..,Sonthe agent. For this purpose, we use FEM analysis (COMSOL Multiphysics,
COMSOL, Stockholm, Sweden) to develop a map between the current at the
electromagnets and the magnetic flux density in the workspace. The FEM analysis is
successively compared with the measurements of a 3-axis 3MH3 Teslameter (SENIS
AG, Baar, Switzerland). To obtain high-density measurements an XYZ Cartesian robot
moves the probe through the entire workspace at a velocity of 0.5 mm/s.251.252 This
technique allows us to compare the results at a resolution of 6.8x10¢ dots/m? using a
total of 1523 samples in the 1.2x1.2 cm workspace. The average mismatch and its
standard deviation between FEM and measurements - when the electromagnets are
fed the maximum current of 1 A - are 7.4x10-3+ 2.2 mT and 0.073 £ 0.045 radians for
field magnitude and orientation, respectively. The x- and y-components of the field

are then fitted to a quadratic Lowess (LOcally WEighted Scatter plot Smooth) function
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using MATLAB (MathWorks Inc., Natick, United States). The quality indices of such
functions are reported in Table 7.1. The quadratic Lowess functions are then used to

compute the force-current map as described.223.253

7.4.4 Temperature Control

The configuration control is provided by a Peltier element. This element controls
the temperature of the environment and, consequently, the configuration
(open/close) of the gripper. The configuration, determined using FD, is used as
feedback for the closed-loop grasp control. In the next section, an experimental
validation is performed in order to demonstrate the ability of the grippers to
manipulate both biological and non-biological materials in unstructured

environments.

7.4.5 Experimental Validation

An extensive evaluation is performed to assess the capabilities of the systems
and demonstrate the ability of grippers to manipulate biological material in
unstructured environments, and to detect and sort micro-scale objects. In the first
experiment, one static and two dynamic virtual obstacles are avoided by the gripper
that is at the same time performing pick-and-place of a piece of egg yolk (Figure 7.4.).
The dynamic obstacles are two circles of 0.5 mm diameter, while the static obstacle is
a wall with length of 4 mm. The dynamic obstacles are modeled as first order linear
holonomic systems. Their initial motion directions and speeds are reported in Figure
7.4. (b). To simulate the tracking errors, we add zero-mean white Gaussian noise at
a standard deviation o = 0.5 mm to the x- and y- coordinates of the dynamic obstacles.
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The noisy measured positions of the obstacles are provided to the motion planner in
order to compute obstacle free paths. Egg yolk was chosen due to its high content of
cholesterol and fat content (58 % of its dry weight), representative of materials that
are often manipulated in MIS interventions. To increase the resemblance between the
experimental scenario and operations in biological environments, the tasks are
performed on a base of porcine tissue. Based on a total of five trials, this experiment
is completed with an average error on the drop-off of the object of 0.62 + 0.22 mm.
The results were achieved at an average velocity of 1.81 + 0.71 mm/s for loaded

grippers and 2.08 + 0.39 mm/s for unloaded grippers.

The second experiment tests if the grippers can autonomously recognize various
objects and sort them. We perform an experiment in which the grippers recognize
colored micro-scale objects and, one by one, pick-and-place them in the area marked
with the corresponding color (Figure 7.5.). The manipulated objects are three
spherical polyester beads of 0.5mm diameter and 0.6 *+ 0.1 mg weight. A color
segmentation algorithm similar to that described in Section 7.4.1. is used to extract
the position of the three objects. Please refer to the accompanying video showing an
example of the experiments. A total of five trials are conducted with a velocity and
error on the drop-off of the microscale object error of 1.21 + 0.68 mm/s and 0.85 *
0.41 mm respectively. The average error of the micro-scale object always lays within

the bounds of the radius of the drop-off location (1.5 mm).
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7.5. Conclusion

This study has demonstrated the capabilities of soft grippers to autonomously
perform micromanipulation tasks. To further validate the proposed approach, we
have performed tests on animal tissue in unstructured environments that contain
time-varying obstacles. All the experiments were directed by the decision-making,
path-planning, and closed loop control algorithms with no human intervention.
Results show the ability of grippers to autonomously detect and adapt their behavior
in response to changes in the surrounding environment. The demonstrated
capabilities suggest that such grippers have the potential to enable delicate and
precise manipulation in a broad variety of tasks, including microassembly, assisted
fertilization and MIS. Moreover, due to their fully autonomous capabilities, they could
find future applications in highly automatized processes as the population of PCB or

the assembly of MEMS.

Future work will investigate the use of smaller scale grippers to offer more
maneuverability and access to smaller environments. Also, 3D motion as well as
operation in presence of fluid flow will be investigated. Operation in swarms will be
studied to allow the parallelization of the micromanipulation tasks. Finally, we will
exploit the metallic doped nature of these grippers in order to investigate the use of

ultrasound or other clinically compatible imaging systems.224.254
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Table 7.1. Quality indices for the x- (Bx) and y- (By) components of the
magnetic field for the obtained fitting function.

The table reports Sum Squared Error (SSE), R-square (R’), Adjusted R-square (R?),
and Root Mean Square Error (RMSE).

SSE (T2) R?2 R2 RMSE (T)
B, | 47x10-7 1.0000 1.000 6.7x10~°
B, | 29x10~7 1.0000 1.000 5.3x10~°
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Figure 7.1. Soft grippers. Top Left: Image of a soft untethered gripper on a printed
circuit board. Top Right: The electromagnetic setup consisting of six orthogonally-
oriented electromagnetic coils. Center: Image of the closed gripper. Bottom Left:
Video snapshot images of the gripper navigating through a tube with an inner
diameter of 3.2 mm, a size smaller than most of the major vessels in the human
body. Bottom Right: Image of the gripper on a 2€ coin. The scale bar is 0.4 mm.

Reprinted with permission from F. Ongaro, S. Scheggi, C. K. Yoon, F. van den Brink, S. H. Oh, D.
H. Gracias, and S. Misra, “Autonomous Planning and Control of Soft Untethered Grippers in
Unstructured Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DO110.1007/s12213-016-0091-1
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Figure 7.2. Schematic and experimental images of the fabrication and
operation of the soft bilayer grippers. (a) Schematic showing the bilayer
composed of a stiff, segmented, SU-8 polymer coupled with a 5 % (w/w) magnetic
nanoparticle (Fe203) doped thermally stimuli responsive poly(N-
isopropylacrylamide-co-acrylic acid) (pNIPAM-AAc) layer (b-c). Experimental
images after wafer scale patterning of the two layers. (d) Schematic and (e-f)
experimental images showing operation of the grippers with reconfiguration from,
(e) a flat state at room temperature to, (f) a closed state in which the temperature is
raised to 25.3 °C.

Reprinted with permission from F. Ongaro, S. Scheggi, C. K. Yoon, F. van den Brink, S. H. Oh, D.
H. Gracias, and S. Misra, “Autonomous Planning and Control of Soft Untethered Grippers in
Unstructured Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DOI10.1007/s12213-016-0091-1
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Figure 7.3. Flowchart showing the tracking process: From left to right, a Red-
Green-Blue (RGB) image is taken from the microscope. In the detection phase, the
image is converted to Hue-Saturation-Value (HSV) color space. (1) Bounds on the
coordinates of the selected color space are employed in order to accurately detect
the gripper. (2) Adaptive threshold, morphological filtering, and opening are used.
Then, the adjacent blobs are merged and kept for further consideration. (3) A
Discrete Fourier Transform is applied on the contour of the segmented area in order
to detect the pose p = [£, ¥ ] and the configuration (open/close) of the gripper.
Finally, a Kalman filter is used to estimate the state X of the gripper, where vy, vy
represent the estimated velocities of the agent. The estimated state of the gripper is
used in the next frame to speed up the detection procedure. The scale bar is 1 mm.

Reprinted with permission from F. Ongaro, S. Scheggi, C. K. Yoon, F. van den Brink, S. H. Oh, D.
H. Gracias, and S. Misra, “Autonomous Planning and Control of Soft Untethered Grippers in
Unstructured Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DOI110.1007/s12213-016-0091-1
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representative obstacle avoidance and biological manipulation experiment. (b)
Video snapshots of the gripper during pick-and-place of biological material in an
unstructured environment on porcine tissue. The virtual obstacles are shown in
blue; the circular ones are dynamic, while the wall on top of the workspace is static.
The targeted position is represented the blue cross inside the green circle. The
planned obstacle-free trajectory to reach the reference is represented as a red line.
The gripper autonomously detects the yolk while a Rapidly-exploring Random Tree
motion planner computes, and continuously updates, an obstacle-free trajectory in
order to reach it. Once the target is reached, the temperature is increased until the
system classifies the gripper as closed. An obstacle-free trajectory then guides the
gripper to the target where the temperature is decreased until the gripper is marked
as open. Finally, the gripper is moved away from the drop-off area. Times (t) and
temperatures (T) are shown on the bottom-left corner of each snapshot.

Reprinted with permission from F. Ongaro, S. Scheggi, C. K. Yoon, F. van den Brink, S. H. Oh, D.
H. Gracias, and S. Misra, “Autonomous Planning and Control of Soft Untethered Grippers in
Unstructured Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DOI10.1007/s12213-016-0091-1
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Figure 7.5. Autonomous sorting of soft grippers. (a) Schematic of a
representative autonomous sorting experiment. (b) Video snapshots that show the
gripper autonomously detecting and sorting differently colored beads, pick-and-
placing them in the respectively colored drop areas. The gripper autonomously
classifies the micro-scale objects, and estimates the configuration of the grippers
from Fourier descriptors to determine if the desired configuration is reached. Times
(t) and temperatures (T) are shown on the bottom-left corner of each snapshot.

Reprinted with permission from F. Ongaro, S. Scheggi, C. K. Yoon, F. van den Brink, S. H. Oh, D.
H. Gracias, and S. Misra, “Autonomous Planning and Control of Soft Untethered Grippers in
Unstructured Environments,” Journal of Micro-Bio Robotics, In press, 2016.
DO0110.1007/s12213-016-0091-1
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8. Stimuli Responsive Self-folding 2D Layered Materials
(2DLMs) /Polymer Bilayers*

8.1. Overview

Graphene has attracted significant interest for composites, sensing, electronics
and optics due to a variety of attractive properties such as ballistic room temperature
transport at sub-micron scales, ambipolar electrical field effect with high mobilities,
very high thermal conductivity, extremely high modulus and tensile strength. In
sensing applications, the extremely high surface area to volume ratio of such
inherently 2D layered materials (2DLMs) translates to significant sensitivity.
However, in order to utilize these features in practical devices such as macroscale
flexible sensors and actuators with small form factors, there is a need to develop mass
producible approaches to package, manipulate and reconfigure graphene in 3D
curved and folded geometries. Self-folding is a mass producible self-assembly
approach that allows the transformation of planar films to curved and folded
geometries by the manipulation of forces associated with thin film stress,
minimization of surface tension or swelling. In this letter, we discuss the reversible
folding and unfolding of few layer graphene (FLG)/polymer (SU-8) bilayers based on

differential swelling in a gradient engineered SU-8 layer.

* Reprinted with permission from

1. T. Deng*, C. K. Yoon*, Q. Jin, M. Li, Z. Liu, and D. H. Gracias, “Self-Folding Graphene-Polymer
Bilayers,” Applied Physics Letters, vol. 106, pp. 203108, 2015.

2.C. K. Yoon#, T. Deng#, Q. Jin, J. P. Cha, M. Li, J. Kang, Z. Liu, and D. H. Gracias, “Self-Assembly
of Integrated Curved and Folded Graphene-Polymer Optoelectrical Sensor”, In Preparation,
2017.

#: Equal contributions.
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We first discuss micropatterning and reversible actuation of micropatterned
FLG/SU-8 films in a variety of geometries such as rectangular strips, discs, crosses
and flower shaped structures. We rationalize spontaneous curving using a finite
element model and compare theoretically observed radii to experimentally observed
radii. We investigate electrical and optical detection using rolled-up bilayers and
discuss advantageous features of rolled up geometries as compared to 2D (flat)
control samples. We believe that this self-folding approach could be utilized to create
a variety of reconfigurable 3D curved and folded graphene based sensors and

actuators for a range of applications.

8.2. Introduction

Monolayer and few layer graphene (FLG) have extraordinary intrinsic thermal,
electrical, mechanical and optical properties;2>5-257 consequently a wide range of
multi-functional graphene based materials and devices have been proposed.258-273 In
addition to planar graphene, wrinkled, rippled, suspended, twisted and crumpled
morphologies have also been realized.257.258262,263,265,268,270,272-276 Sych 3D structures
are pursued for several reasons. Firstly, strain and geometry can alter the band
structure of graphene and consequently alter its properties. Secondly, for generating
mass producible composites, there is a need to integrate significant volume fractions
of graphene with materials such as polymers which necessitates mass production of
graphene often incorporating significant quantities of crumpled architectures.
Thirdly, for practical applications it is important to develop strategies to incorporate

graphene into macro-scale devices, materials and structures, many of which are three
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dimensional. Finally, 3D curved and folded geometries can enable relatively
convenient platforms for microelectronic and optical devices such as sensors or

photodetectors in a small form factor.

Curving and folding of graphene can be enabled with or without a substrate. In
the absence of a thicker substrate, several groups have suggested the use of capillary
forces such as with droplets of water or ultrathin polymer films to curve graphene.277-
279 Mechanical effects such as ultrasound forcing of graphene?80 or ultrasound
aerosolization of graphene oxide281 have been used to create rolled up and sack like
structures. Also, laser-induced shock straining?82 has been used to generate 3D
nanostructures. Curved graphene has been grown on patterned substrates such as by
using CVD growth on lithographically patterned catalytic copper substrates275276 or
by deposition in three dimensional templates such as nickel foams.262263 Gelation of
graphene oxide using polymers such as polyvinyl alcohol, DNA or metal ions has been
utilized to create 3D macrostructures.?83 For applications in flexible electronics,
graphene foams have been infiltrated in PDMS?8 allowing such devices to be bent and
twisted without breakage. Graphene transferred on PDMS substrates have been
widely studied including the development strain and tactile sensors and fabrics.260-
262,268,270-272 In applications as actuators, graphene based systems have been utilized

to develop a number of electrically and optically stimuli responsive systems.284

In particular, since graphene is inherently a surface, with an extremely high
surface area to volume ratio, it is especially attractive for sensing applications. In

addition, adsorbed molecular electron donors or acceptors can dramatically alter the
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electrical conductivity of graphene which provides a convenient mechanism for
sensing using electrical measurements. Indeed, a number of sensors have been
realized using graphene, including those that were capable of detecting single
adsorption and desorption events of gas molecules such as nitrogen dioxide.285-288
However, previous graphene sensors feature inherently planar geometries such as on
rigid substrates (e.g. silicon wafers) or flexible substrates (e.g. polydimethyl siloxane,
PDMS).289 Indeed, planar substrates allow facile integration with other components
required for electrical sensing such as electrodes, bond pads and dielectrics as well
as electrical measurements using four point probes. But, the large form factor of
planar sensors can hinder applicability in small spaces such as in capillaries.
Moreover, the integration of graphene with stimuli responsive substrates could

facilitate the development of environmentally responsive sensors and actuators.

In the present study, the concept of a self-rolling graphene-polymer bilayers is
introduced and demonstrated actuation and the operation of rolled-up 3D sensors.
The research builds on prior polymeric folding approaches that have been used to
assemble 3D materials and functional devices from patterned thin films.28118,290-294
Importantly, these approaches can be used to transform 2D polymeric thin film
patterns to 3D geometries either spontaneously or in response to external stimuli
such as temperature, pH, solvent exchange, electric field or light. Here, a hypothesis
is tested that if graphene is adhered to self-folding polymeric substrate that it should
be able to transform planar graphene into a variety of 3D shapes. Consequently, the

graphene would behave as a kind of high sensitivity skin atop of the flexible self-
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folding substrate. This graphene skin would be attractive for sensing while the
polymeric substrate would enable self-folding and function as a flexible mechanical
support. It is noteworthy that this hypothesis would also apply to alternate 2D
layered materials (2DLM) as well as other flexible and stimuli responsive supports
such as fabrics or alternate polymers or hydrogels; hence, the study is relevant to a

broad range of 3D curved or folded sensors and actuators composed of 2DLMs.

In testing this hypothesis, one of the first challenges was to find a polymeric
substrate that adhered well to graphene to avoid delamination during folding. We
independently discovered and later confirmed from the literaturel® that graphene
has good adhesion to SU-8 which can be explained by its hydrophobic surface. Hence,
by utilizing this good adhesion, the SU-8 film can be engineered to self-fold and “carry”
the graphene layer without delamination. SU-8 is a negative photoresist that is widely
utilized in the microfluidics and MEMS industry,2%> and hence there are minimal
barriers to adoption in sensor or microelectronic fabrication. Additionally, SU-8 films
can be processed to enable stimuli responsive self-folding behaviors on solvent
exchange.?’ This is realized by forming a density gradient across the film by exposure

to low UV dose followed by conditioning in acetone.

In this study, a strategy to pattern stimuli responsive SU-8 directly on CVD grown
few layer graphene (FLG) was developed. Reversibly actuating FLG/SU-8 patterned
bilayers were investigated that fold and unfold on solvent exchange (Figure. 8.1.).
Also, we created and tested a tubular graphene-SU-8 device with integrated metal

electrodes for demonstrating applicability as a curved functional device.
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8.3. Experiments

8.3.1. Fabrication Flow of FLG/SU-8 Bilayer Thin Films

The fabrication process is as follows (Figure 8.2. (a)). We first spin coated SU-8
2025 (MicroChem) at 2000 rpm on commercial FLG wafers (SKU-CVD-TP, Graphene
Supermarket) which were used as received. According to vendor specifications, these
are one to seven layers graphene films with an average of four layers grown by CVD
on a nickel catalyst/silicon dioxide/silicon substrate. A crosslink gradient was
developed along the thickness of the SU-8 by low energy exposure (120 mJ/cm?) of
the SU-8 film to UV light. In contrast, a regular UV light exposure (around 150 - 215
m]/cm? for 45 - 80 um thickness, MicroChem) creates a fully crosslinked SU-8 and
this film does not self-fold. The creation of a gradient crosslink in the SU-8 film is
critical to enable bending and folding of the bilayer. After insufficient UV light
exposure, the samples were baked using a ramp sequence of 75 °C for 1min, 100 °C
for 6 min and then 75 °C for 1 min. Then the wafer was developed in SU-8 Developer
(MicroChem) while stirring at 200 rpm and the exposed graphene was etched away
using a low power (75 W) oxygen plasma (20 sccm Oz, 90 sec). The fabrication and
self-folding process is versatile and a number of CAD designed FLG/SU-8 patterns
such as rectangular strips, crosses, flowers and discs could be fabricated by varying
the geometrical parameters such as the width and length of the patterns. After
patterning, we released the FLG/SU-8 structures from the substrate by dissolution of
the underlying nickel film in an aqueous etchant composed of 40 % ferric chloride
and 5 % hydrochloric acid. The structures were then conditioned by immersion in

acetone for 10 hours which completely dissolves the partially or uncrosslinked
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portion and additives in the SU-8 film after which the material becomes stimuli
responsive having stress gradients in thin film. After conditioning, the
photopatterned FLG/SU-8 bilayer were flat in acetone (Figure 8.2. (b)) due to
solvation of the hydrophobic SU-8 and spontaneously curved on de-solvation in water

(Figure 8.2. (c)).

8.3.2. Mass Producible FLG/SU-8 Bilayer Thin Films

In addition, the microfabrication process is highly parallel and large numbers of
self-folding structures can be formed (Figure 8.3 (a-c)). The several different sizes,
shapes FLG/SU-8 thin bilayers were also designed by conventional photolithography
and reversibly self-folding and unfolding mechanism were tested by solvent
exchanges. The FLG/SU-8 thin bilayer structures could be manipulated from pm to
mm scales with several different shapes. In addition, the FLG/SU-8 thin bilayer
structures were tested their reversible actuations through re- and de-solvation of
SU-8 when exchanging solvent between acetone and DI water. The process of
spontaneous curving and flattening is reversible as verified over 50 cycles of acetone
and DI water exchange. It shows that the self-folding approach can be utilized to
pattern FLG simply and directly on SU-8 patterns without any other manual
transferring process steps. Further, we observed that when the FLG/SU-8 thin film
patterns were tuned under low UV dose and conditioned in acetone, totally flat
FLG/SU-8 structures in acetone and curved, crumpled or rolled shapes in DI water

could keep both their geometries when dehydrated in air.
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8.4. Results and Discussion

8.4.1. Self-folding Mechanism of FLG/SU-8 Thin Films

The self-folding mechanism of flexible FLG/SU-8 thin films is illustrated in
Figure 8.4. (a). In order to drive self-folding, firstly, the free standing FLG/SU-8
structures were conditioned by immersion in acetone for 10 hours. This conditioning
step serves to dissolve uncrosslinked SU-8 which creates a density gradient in the
film as was visualized previously using fluorescence microscopy of microtomed
sections.?’” On removal from the acetone and immersion in water, spontaneous
curving of the bilayer films were observed and attributed this curving to de-solvation
of the gradient crosslinked hydrophobic SU-8 films by water. It is noteworthy that
this is a reversible process and the thin FLG/SU-8 bilayer structures show
spontaneous curving and flattening based on reversible swelling and de-swelling of a
gradient cross-linked SU-8 film in acetone and water respectively. Using the CAD
mask design, a number of spatially patterned geometries can be formed,
representative FLG/SU-8 bilayer thin flower shaped structures on the Ni substrate of
which are shown in Figure 8.4. (b) with zoom-in imaged (Figure 8.4. (c)). After
conditioning in general, the freestanding photopatterned FLG/SU-8 bilayer were flat
in acetone (Figure 8.4. (d)) due to solvation of the hydrophobic SU-8 and
spontaneously curved on de-solvation in water (Figure 8.4. (d)). For the flower
shaped structures shown in Figure 8.4., typical folding time scales were on the order

of 1-2 minutes.
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The self-rolling behavior of the FLG/SU-8 bilayers are rationalized as follows.
The experiments show that the SU-8 layer folds up when placed into water, and
flattens out on immersion in acetone. We attribute this phenomenon to different
swelling ratios in different solvents. The low UV dose during lithography generates a
crosslink gradient in SU-8. Due to optical absorption along the thickness of the SU-8,
the bottom region of the SU-8 film that is closer to the FLG layer is exposed to a very
low UV light dose. Hence, this region is less crosslinked and subject to a mass loss
during conditioning in acetone which serves to dissolve any residual uncrosslinked
material. In contrast, the top region of the SU-8 film which is completely crosslinked
in acetone undergoes a minimal mass change during conditioning. In essence,
conditioning takes a crosslink gradient and converts it into a density gradient across
the SU-8 film thickness. It is the density gradient that leads to heterogeneous
shrinking when the film is submerged in water. The region in the SU-8 film with lower
density shrinks more and becomes concave while that with the higher density region
shrinks less and becomes convex. Since the FLG is attached to the bottom surface of
the SU-8 film (lower density region) the SU-8/FLG structures formed in this paper
have the graphene layer on the concave (inside). On immersion in acetone, the entire

film is solvated and flattened out.
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8.4.2. Characterization of FLG/SU-8 Thin Films: Raman Spectroscopy

The FLG/SU-8 structures were characterized by Raman spectroscopy that
confirmed the presence of both FLG and SU-8 layers in the folded state comparing to
2D flat control sample of FLG. We compared the spectra of FLG/SU-8 structures to a
2D flat control sample of FLG by analyzing optical microscopy images with Raman
spectra (Figure 8.5. (a)). The control FLG Raman spectra shows the characteristic G
band around 1580, and 2D band 2720 cm-1. The Raman spectrum is representative of
4-5 layer graphene based on the intensity, shape and position of the G and 2D
bands.256.260.296,297 The 3D self-fold FLG/SU-8 bilayer structures were characterized
using the same power and scan parameters. The Raman spectrum was obtained on
four samples with over 10 different spots on the curved surface. The averaged Raman
peak positions of the G band was 1580 cm-1and the 2D band 2700 cm-! indicating the
presence of FLG. Due to the variability of layers in FLG, we cannot comment on any
significant differences from the control 2D FLG sample. We also observed peaks
which can be assigned to the SU-8 layer. These include peak positions around
800 cm of ether, 1120 cm-! of epoxide groups, 1250 cm? for C-C stretch in the
aromatic ring, and 1460 cm-1for CHs, CHz stretches respectively.27.298299 These Raman
spectral characterization was intended to confirm the presence of FLG after transfer,

patterning, fabrication and conditioning on the curved bilayer.
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8.4.3. Characterization of FLG/SU-8 Thin Films: Radius of Curvature

We found that the radius of curvature of the self-fold FLG/SU-8 bilayer could
be tuned by varying the ultraviolet exposure energy. Figure 8.5. (b) illustrates the
results of experimental analysis on the radius of curvature changing with UV
exposure energy. Experimentally, rectangular strip shape was designed with
7700 um long and 800 pm wide. The thickness of thin film was determined by the
spin coating condition and is set to be 39 pm in this case. It can be seen that extra
sufficient UV exposure energy will crosslink the entire film with little gradient, giving
less rolling and larger radius. Interestingly, the curved SU-8 film had different radii
with and without graphene layer under the same UV exposure energy. The single
layer of SU-8 had smaller radius as compared to the FLG/SU-8 bilayer. We also
observed the smaller radius at lower ultraviolet exposure energy. We rationalize this
difference by noting that the graphene coating on the SU-8 can decrease the removal
of uncrosslinked SU-8 into acetone during conditioning. Consequently a lower mass
decrease caused by this graphene covering will generate a lower volume change,

resulting in smaller gradient and larger radius.

In order to understand the variation of radius of curvature with ultraviolet
exposure energy we adopted finite element method (FEM) by using the commercial
software ABAQUS as a 3D deformable shell unit. The mass decrease percentage was
measured from previous work.?” 9.6 % is used as the shrinking ratio at the lower exposed
region exposed to low UV energy as 90 mJ/cm?, and 1 % mass decrease was taken from

the high exposure condition of 360 mJ/cm?. The SU-8 thin film was modeled according to
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the experimental parameters as 7700 pm long, 800 pm wide and 39 pum thickness. The
Young’s modulus of the SU-8 film was assumed as 2 GPa based on the data sheet from
vendor (MicroChem). In the software model, the swelling ratio gradient was
approximated by a linear temperature gradient across the thickness. The top region
of the SU-8 which is more exposed towards UV light will be highly crosslinked and
subject to a lower volume change on swelling. In contrast, the bottom part of the
SU-8 film which experiences a lower UV dose will be less crosslinked and tend to have
a significant mass decrease upon conditioning in acetone due to removal of
uncrosslinked material. We assume that the percentage of mass decrease is related to
the volume shrinking ratio of the thin film. The hydrophobic SU-8 film is solvated in
acetone and remains flat. However, when the film is de-solvated in water, the
contraction in the bottom region renders a bending moment on the top region and
thus the film will roll up towards the less exposed region, and the radius of curvature
will be determined from the mass decrease percentage and material modulus as well
as the thickness of layers. Further, structured quadratic elements were used for the
geometry and Simpson’s rule with 9 integral points was used for the thickness. A
further increase of mesh density showed no significant difference in results. We
performed a sensitivity analysis and our simulation results suggest that the exposure
dose and SU-8 thickness play an important role in determining the extent of rolling of
SU-8 film. Table 8.1. indicates simulation parameters and Figure 8.5. (c) shows
simulation snapshots of the curvatures corresponding to the four conditions (rows)

in the table.
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Our simulation results reveal the importance of a parameter referred to as the
shrinkage gradient (G). Given the same SU-8 thickness of 39 um, a larger shrinkage
gradient results in a smaller radius of curvature or a tighter roll (numerical values in
rows (a) and (b) in Table 8.1.). Alternatively, if the gradient G is the same, the radius
of curvature is similar even though the films may have different thicknesses
(numerical values in rows (a) and (c) in Table 8.1.). Given the same top and bottom
layer shrinking ratio of 0 % and 9.6 % as boundary conditions, the thicker film folds
with a larger radius of curvature which we attribute to a larger bending rigidity

(numerical values in rows (a) and (d) in Table 8.1.).

8.4.4. Characterization of FLG/SU-8 Thin Films: Current vs Voltage

As a proof-of-concept for a functional electronic device, a rolled-up sensor was
fabricated by integrating electrodes and contact pads into the folded FLG/SU-8
structures so that electrical measurements could be performed using standard
electrical probes (Figure 8.6.). Briefly, metal (gold, Au) electrodes were
photopatterned and Au contact pads on top of the graphene prior to SU-8 spin coating
(Figure 8. 6. (a, b)). Prior to SU-8 spin coating, SC 1827 photoresist (MicroChem) was
spin coated at 3000 rpm on the FLG films. The photoresist was baked at 115 °C for
60 sec and then exposed to UV (360 m]/cm?) the samples through an Au electrode
pattern mask designed by AutoCAD. Then, the panels were developed by immersion
in 351 diluted developer (1:5 = 351: DI water) (Shipley) for around 30 sec, rinsed the
samples with DI water and then dried them using nitrogen gas. Then, chromium (Cr,
5 nm, adhesion promoter) and Au (10 nm) were thermally evaporated which defined

the electrode wiring. In addition, to fabricate the thicker electrode probe pads, an
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additional 3 pm of Au was deposited using electroplating. After electroplating, the
resist was dissolved with acetone and IPA then dried the samples using nitrogen gas.
Then, the process described earlier for SU-8 photopatterning and conditioning was

used.

A nice feature of our assembly approach is that only the portion of FLG/SU-8
bilayer that is immersed in water will roll up. This phenomenon is also limited only
to the FLG/SU-8 bilayer samples photopatterned under low UV dose and conditioned
in acetone. Hence, part of the sensor can be rolled up to enable a curved sensor while
the portion in air can be processed to stay flat which is important for testing using
conventional electrical probes (Figure 8.6. (c-f)). It was also observed that the
incorporation of Au electrodes did not inhibit self-folding and insignificant changes
in radii of curvature differences with and without the electrodes. We attribute this
insensitivity to the small dimensions of our electrode designs. Typically, the area
covered by the Au electrodes such as for the structure shown in Figure 8.6 (c-e) was
23 % that of the FLG/SU8 area and the combined Cr/Au electrode thickness was only
15 nm. These thin and small dimensions minimize the contribution of the Cr/Au

electrodes to the overall bending rigidity.

Current (I) - voltage (V) characteristics were measured by using a programmable
current source (Keithley Model 220) and voltmeter (Keithley 2000 Digital
Multimeter) using a probe station (Cascade Microtech Probes) and a four probe
configuration. Probes were placed on the flat contact pads and we obtained I-V curves

of 3D rolled FLG/SU-8/Au sensors in air and on exposure to acetone (Figure 8.6. (g)).
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Acetone was chosen because it is a common chemical used for sensor validation and
is also an important breath biomarker for diabetic ketoacidosis.2?829° The IV curves
indicate an increase in resistivity on exposure of the FLG/SU-8 sensors to acetone as
compared to air. This increase is in agreement with prior studies on flat graphene
sensors on exposure to acetone and has been attributed to the orientation of the
dipole moment of acetone with its electropositive cloud closer to the graphene

surface.300

8.4.5. Characterization of FLG/SU-8 Thin Films: Photovoltage vs Power

One of the advantages of integration of graphene in curved microstructured
environments is that they can be used to create sensitive 3D sensors and optical
devices with small form factors. Graphene based devices can be utilized as optical
sensors due to its absorption spectrum covers the entire ultraviolet to far-infrared
range.301.302 and graphene has been previously used as a ultrafast photodetector.303
Figure 8.7. (a) shows how the optical sensing properties were measured with probe
station (Cascade Microtech Probes) combined with four probes, a programmable
current source (Keithley Model 220), a voltmeter (Keithley 2000 Multimeter), several
different laser sources and microscope. Specifically, the probes were used to
electrically connect the electrodes of the FLG/SU-8 samples to the outside electrical
circuits like the current source and the voltmeter. The programmable current source
could apply a constant current to the FLG/SU-8 sample through its electrodes. For all
experiments shown in Figure 8.7. (a), the current was set to 0 pA, which means that

the programmable current source was not used in these experiments. The voltmeter
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was used to detect the open-circuit photovoltages between the two electrodes of the
FLG/SU-8 sample triggered by the illumination of laser sources. The laser
instruments were used to generate lasers with different wavelengths and intensities
(power), and to control the laser on and off autonomously. The microscope was used
to localize the FLG/SU-8 sample and to align it with the laser spot. The folded FLG/SU-
8 sample has two Cr/Au (with the thickness of 5 nm/ 10 nm, where Cr layer acts as

the adhesive layer) electrodes, the gap between the two electrodes is 10 pm.

Initially, three different wavelengths of 488, 532 and 600 nm (CW Solid-State
Lasers, Coherent Inc.) were used to check the photoresponse of 3D rolled FLG/SU-8
sensors to verify the spectral ranges of photodetection (Figure 8.7. (b)) with inset of
conceptual schematic of 3D self-rolled up optical sensor. The current applied to the
electrodes of the sample by the programmable current source was 0 pA. In addition,
the laser power (1.5 mW) and laser-on and -off interval were digitally controlled
using analog modulations and set as 10 seconds with large variations of power
changing from 10 to 50 mW (Figure 8.7. (c)) and more small variations of power
changing from 0 to 4 mW were tested with more dynamic auto setting of light on and
off intervals from 1 to 8 seconds (Figure 8.7. (d)). Specifically, only two probes were
used to measure the open-circuit photovoltage between the two electrodes of the
FLG/SU-8 photodetector in all of the photo-related experiments. Simultaneously,
Labview software was used to record the photovoltage-time data. The variations of
open-circuit photovoltage were detected from 0 to 720 pV in first 10 to 50 mW power

variations and observed 0 to 90 puV in 0 to 4 mW power states by using blue laser
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source (488 nm) (OBIS 488 LX, Coherent Inc.). Especially, the detected maximum and
minimum variations of open-circuit photovoltage (1V) at each power (mW) state has
less than 2 % so that the error bars were not added on this graph. It also indicates
that 3D FLG/SU-8 self-folded sensor were able to detect stably when the 488 nm laser
(OBIS 488 LX, Coherent Inc.) was used. Furthermore, the 2D flatted FLG/SU-8 thin

bilayer condition was also analyzed under the same optical detection stage.

As plotted on graph at Figure 8.7. (e), we observed that the open-circuit
photovoltage variations of 2D sample have 0 to 28 uVin 1 to 5 mW power states. Both
3D and 2D FLG/SU-8 sensors have the linear relations between power and open-
circuit photovoltage shown in Figure 8.7. (f), which are formerly observed in
graphene photodetectors,304305 clearly showing that the 3D rolled one has 3-4 times
higher values than 2D flat one at each power states. We tested more self-folded
FLG/SU-8 sensors under the same experimental steps with several different power
(mW) and current (nA) parameters. As described at a graph, higher incident power
(mW) produced higher open-circuit photovoltages (mV) in a feasible way. Currently,
He et al. suggests the nanotube terahertz detector’® and we observed a linear variation of
voltage with increasing laser power indicating applicability as a photodetector. These
characteristics have a huge potential to be used in the optical light communication of
3D self- rolled FLG/SU-8 sensor. As compared to a 2D sensor, a distinct advantage of the
3D rolled structure is that light approaching from different angles can be detected. The

self-folding mechanism can be utilized as a smart photo-detector having more
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homogeneous light communication from omnidirectional incident light with

minimum area taken in a system.

8.5. Conclusion

In summary, a new approach have been demonstrated to create self-folded
solvent responsive FLG/SU-8 bilayers. The approach leverages, (a) good adhesion
of graphene to hydrophobic SU-8, (b) stimuli responsive engineering of FLG/SU-8,
and (c) the ability to pattern and incorporate electrodes via planar lithography
prior to release from the substrate. All these traits are essential to create functional
3D self-folding sensors and stimuli responsive actuators. For example, while one
may be tempted to create stimuli responsive bilayer sensors by pairing graphene
with a popular stimuli responsive material poly (N-isopropylacrylamide-co-acrylic
acid), our preliminary studies with such hydrogels reveal relatively poor adhesion
and delamination of graphene during folding. However, provided the three
conditions can be met, the approach can be applied to other 2DLMs and polymers
to create a range of electronic and optical sensing devices, wearables and stimuli
responsive tools. Due to the small size of such rolled up devices, they could be
inserted into small spaces and the multiple rolls could increase sensitivity. For
example, several groups have previously demonstrated a range of rolled-up and
folded devices including energy storage, microfluidic, electromagnetic and single
cell devices that highlight these advantageous characteristics.266272278-280
Additionally, this FLG/SU-8 bilayer is flexible and optically transparent hence it is

of relevance to applications such as wearables, metamaterials and imaging. Finally,
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it is important to note that the SU-8 self-folding mechanism is such that when the
FLG/SU-8 bilayer is transferred from either acetone or water to air, it maintains its
previous configuration. That is if folded FLG/SU-8 structures are taken out of water
to air they stay folded and if flat structures are taken out of acetone and moved to
air they stay flat. Consequently, the process can deliver devices that remain folded
in both aqueous environments of relevance to biological applications or air which

is of relevance to integrated circuits and gas sensors.
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Table 8.1. Simulation parameters and computed radius of curvature for
gradient crosslinked and conditioned SU-8.

The symbols represent, T=Total bilayer thickness, S1=Top layer volume decrease,
S2=Bottom layer volume decrease, G=Gradient or ratio of the percentage volume
change to thickness, and R=Radius of curvature.

T (pum) S1 (%) S2 (%) G (%/um) R (um)
(a) 39 0 9.6 0.246 377
(b) 39 0 0.96 0.0246 3267
(c) 10 0 2.46 0.246 338
(d) 100 0 9.6 0.096 860
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Figure 8.1. Schematic of the fabrication and reversible self-folding of FLG/SU-8
bilayers.

Reprinted with permission from T. Deng, C. K. Yoon, Q. Jin, M. Li, Z. Liu, and D. H. Gracias, “Self-
Folding Graphene-Polymer Bilayers,” Applied Physics Letters, vol. 106, pp. 203108, 2015.
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Figure 8.2. Mass-producible reversibly actuating FLG/SU-8 microstructures in
a variety of shapes including rectangular strips, crosses, flowers, and discs.
(a)Schematic description of fabrication flow of FLG/SU-8 microstructures. Images of
(b) flat FLG/SU-8 structures in acetone and (c) corresponding self-folded
microstructures in water. Insets indicate images taken from different directions. The
blue color results from the auto-fluorescence of SU-8 during optical imaging and all
scale bars represent 200 pm.

Reprinted with permission from C. K. Yoon, T. Deng, Q. Jin, J. P. Cha, M. Lj, J. Kang, Z. Liu, and
D. H. Gracias, “Self-Assembly of Integrated Curved and Folded Graphene-Polymer
Optoelectrical Sensor”, In Preparation, 2017.
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Figure 8.3. Mass production of 3D FLG/SU-8 microstructures. (a) Mass
production of photopatterned 3D curved, folded or rolled FLG/SU-8 structures in DI
water with several different shapes and sizes from micron to millimeter scales and
(b, c) reversibility when exchanging solvents. The scale bar indicates (a) 1mm, (b, c)
200 pm.

Reprinted with permission from C. K. Yoon, T. Deng, Q. Jin, ]. P. Cha, M. Li, ]. Kang, Z. Liu, and
D. H. Gracias, “Self-Assembly of Integrated Curved and Folded Graphene-Polymer
Optoelectrical Sensor”, In Preparation, 2017.
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Figure 8.4. Self-folding and reversibly actuating FLG/SU-8 photopatterned
bilayer. (a) Schematic diagram illustrating the mechanism of self-folding of a
FLG/SU-8 bilayer based on reversible swelling and de-swelling of a gradient
cross-linked SU-8 film in acetone and water respectively. (b) Optical and (c)
zoomed-in images of flower-shaped photopatterned FLG/SU-8 microstructures.
(d-e) Optical image of reversible actuation of a free-standing flower shaped
microsctructure. (d) Image of a flat FLG/SU-8 flower shaped microstructure on
solvation in acetone and (e) corresponding image of a spontaneous self-folded
microstructure formed on de-solvation of the hydrophobic SU-8 in DI water. The
blue color results from the auto-fluorescence of SU-8 during optical imaging and
all scale bars represent 200 pm.

Reprinted with permission from C. K. Yoon, T. Deng, Q. Jin, . P. Cha, M. Lj, ]. Kang, Z. Liu, and
D. H. Gracias, “Self-Assembly of Integrated Curved and Folded Graphene-Polymer
Optoelectrical Sensor”, In Preparation, 2017.
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Figure 8.5. Characterization of thin FLG/SU-8 bilayers and experimental and
computational folding degree observation according to UV light exposure
energy and strain. (a) Microscopic images of flat control FLG and self-folding
FLG/SU-8 bilayers with Raman spectra. Raman spectra of the self-folded FLG/SU-8
bilayers have blue line and green line taken on the flat FLG samples as received from
the vendor. All scales indicate 8um. (b) Experimental analysis of the radius of
curvature as a function of UV exposure for self-folding graphene/SU-8 thin bilayers.
(c) FEM snapshots of self-folded SU-8 highlighting that the radius of curvature
depends on the value of G. (a)-(d) FEM images depicting the extent of curvature of
SU-8 films corresponding to the simulation parameters listed in rows (a)-(d) in
Table 8.1. The colors indicate the magnitude of stress at the inner SU-8 layer which
is equivalent to the shrinkage percent S2, with red colors representing high and blue
colors representing low stress values. The images pictorially depict that the radius
of curvature depends on the value of G. Hence, rolls in panels (a) and (c) with the
similar values of G have the similar radius of curvature even they have different
thicknesses and different stresses.

Reprinted with permission from

1. T. Deng, C. K. Yoon, Q. Jin, M. Li, Z. Liu, and D. H. Gracias, “Self-Folding Graphene-Polymer
Bilayers,” Applied Physics Letters, vol. 106, pp. 203108, 2015.

2.C.K. Yoon, T. Deng, Q. Jin, J. P. Cha, M. Li, ]. Kang, Z. Liu, and D. H. Gracias, “Self-Assembly of
Integrated Curved and Folded Graphene-Polymer Optoelectrical Sensor”, In Preparation,
2017.
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Figure 8.6. Schematic and experimental results of a functional self-folded
FLG/SU-8 device. (a) and (b) Au electrodes were electroplated and encapsulated
prior to roll-up. (c) and (d) a reversible self-folding FLG/SU-8 bilayer with
integrated Au electrodes that functions as a chemical sensor. A portion of the sensor
is processed to be flat to enable e-test probing, while a portion is processed to self-
fold to enable 3D electrical sensing. (e) Scanning electron microscopy (SEM) image
of the rolled-up FLG/SU-8/Au sensor with one of the two electrodes highlighted by
the red dotted line. (f) Schematic of the integrated FLG/SU-8/Au device being used
as a sensor. (g) I-V curves of the self-folded FLG/SU-8 sensor on exposure to air
(control) and acetone. The inset represents the experimental set up with four
electrical probes (bottom of the inset) on gold contact pads that were used to
measure the resistance across the rolled-up graphene and a capillary (top right of
the inset) that was used to introduce the acetone into the rolled up FLG/SU-8
sensor. The scale bars represent 700um in panels (c) and (d) and 350 pum in panel

(e).

Reprinted with permission from T. Deng, C. K. Yoon, Q. Jin, M. Li, Z. Liu, and D. H. Gracias, “Self-
Folding Graphene-Polymer Bilayers,” Applied Physics Letters, vol. 106, pp. 203108, 2015.
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Figure 8.7. Sensitivity and selectivity of integrated self-folding FLG/SU-8
tubular optical sensor. (a) Images of the optical test set-up in laser-on and -off
modes. (b) Open-circuit photovoltage (mV) using three different lasers (nm). (c)
Open-circuit photovoltage (uV) curve according to Power (mW) from 0 to 50 mW
and (d) Power (mW) from 0 to 4 mW using targeted blue laser source (488 nm) on
3D self-fold FLG/SU-8 tubular bilayer structure. (e) Open-circuit photovoltage (1V)
curve according to Power (mW) from 1 to 5 mW on 2D flat FLG/SU-8 bilayer
structure. (f) Linear relations of photoelectric effects between open-circuit
photovoltage (1V) and power (mW).

Reprinted with permission from C. K. Yoon, T. Deng, Q. Jin, J. P. Cha, M. Lj, ]. Kang, Z. Liu, and
D. H. Gracias, “Self-Assembly of Integrated Curved and Folded Graphene-Polymer
Optoelectrical Sensor”, In Preparation, 2017.
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9. Patterned Soft Micropolyhedra by Self-folding and Molding*

9.1. Overview

It is extremely challenging to mass-produce polymeric microstructures with
patterns in all three dimensions (3D). In this paper, we describe a highly parallel
strategy to create such patterned soft-micropolyhedra with a range of polymers and
even live mammalian cell-laden hydrogels. Specifically, we first patterned metallic
micropolyhedra using photolithography and capillary force assisted self-folding.
Inverse molds were created in the elastomer polydimethylsiloxane (PDMS);
interestingly, the patterns were imprinted on the side walls of the molds. The molds
were then filled with pre-polymers such as NOA73, PEGDA, and pNIPAM-AAc and
cell-laden hydrogel solutions and cross-linked to form soft patterned micropolyhedra.
Our results suggest that the combination of self-folding and molding could be used to
create a variety of smart particles and building blocks with precisely patterned
surfaces for applications in colloidal science, self-assembly, drug delivery and tissue

engineering.

* Reprinted with permission from

1. S. Pandey*, C. K. Yoon*, Z. Zhang, H. R. Kwag, ]. Hong, and D. H. Gracias, “Patterned Soft-
Micropolyhedra by Self-Folding and Molding,” IEEE 29th International Conference on Micro
Electro Mechanical Systems (IEEE MEMS), pp- 203-206, 2016.

#: Equal contributions.
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9.2. Introduction

Polymeric microparticles are important for a variety of applications including
directed assembly, drug delivery, tissue engineering, microfluidics and colloidal
science.307-310 Methods such as micromolding in capillaries, microinjection molding,
and microfluidic methods can be used to mass-produce polymeric microparticles.311-
313 However, the particles formed by these methods are limited to a few geometries
such as spheres, cylinders, pancake, and ellipsoidal shapes with limited surface
patterns as illustrated in Figure 9.1. (a, b) respectively. Other techniques such as 3D

printing can be used to form a wide range of shapes but are inherently serial in nature.

Self-folding is an emerging methodology that can combine top-down
lithographic patterning with origami inspired engineering to mass-produce
polyhedra with a wide range of sizes demonstrated between 100 nm and 2 cm.13°
Sealed polyhedra are formed using capillary forces which cause both folding of panels
and fusing of hinges. However, the requirement for capillary folding is that a hinge
material must be identified that can be liquefied typically by heating at a reasonably
low temperature. Hence, the number of soft-materials that can be utilized to form
such polyhedra is limited. In this paper, we overcome this challenge by first self-
folding metal micropolyhedra with patterns and then utilizing them to mold soft-
polymeric micropolyhedra. Notably, we observed that during molding, the surface
patterns on the metal polyhedra could be transferred to the polymer micropolyhedra.
Hence, in principle patterns can be defined on the surface of the polyhedra with high

resolution (Figure 9.1. (c, d)).
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9.3. Experiments

9.3.1. Fabrication Step: Photolithography, PVD, and Self-folding

The process flow schematic is highlighted in Figure 9.2. First, a variety of gold
(Au) designs were patterned via photolithography, physical vapor deposition (PVD)
and lift-off-metallization. Then, each net composed of nickel (Ni) panels
interconnected by solder (Pb-Sn) hinges was fabricated. The side of a panel measured
300 microns, with two adjacent panels spaced apart by a width equal to 10% of the
panel edge length.138139.314 We used two layers of optical lithography to pattern
features on a silicon wafer and electrodeposited nickel panels and Pb-Sn solder
hinges respectively. We then released the nets with nickel panels connected with
solder hinges from the substrate and heated the free standing structures in a high
boiling point organic solvent N-Methylpyrrolidone. At ~183 °C, solder hinges melt
and 2D nets begin to fold into a 3D polyhedron. All the planar precursors for a
polyhedron were folded in close proximity in order to minimize any effect from
variation in processing parameters. After etching the chromium and copper layers,
the particles were stored in an ethanol solution until further use as master particles

to prepare the polydimethylsiloxane (PDMS) molds (Figure 9.2. (a)).

9.3.2 Fabrication Step: Molding

PDMS molds were made using these metal polyhedra and these molds were used
to mass-produce soft-polyhedra (Figure 9.2. (b)). We used the PDMS elastomer kit
(Dow Corning) for making PDMS and mixed the base part and the curing agent in a

10:1 (w/w) ratio and mixed vigorously using a plastic spatula. To remove the bubbles,
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we placed the mixture in a desiccator for 30 minutes. We attached the metallic
polyhedra onto a double sided tape that was secured to the bottom of a petri dish. The
scotch tape prevents premature floating of the structures when PDMS is poured into
the Petri dish. We poured the elastomer solution gently into the Petri dish until it
completely covered the master polyhedra and placed the Petri dish in a desiccator
again for 30 minutes to remove any bubbles present and cured the elastomer solution
at 50 °C for 4 hours. The solidified PDMS was gently peeled off the substrate where
the metallic polyhedra remain attached on the tape thus creating molds with the
shape of the structure. We used both simple shapes (tetrahedra, cubes) as well as the
complex shapes (dodecahedra, truncated octahedra) with and without precise
patterns on the panel surfaces. In the case of metallic polyhedra with gold patches,
the patches created an impression on the side walls of the molds which transferred

onto the surfaces of the molded polymeric polyhedra.

9.4. Results and Discussions

9.4.1. Self-folding and Molding

Experimental results of molded polyhedra with imprinted patterns are shown in
Figure 9.3. Specifically, a variety of Au patches such as circles, crosses, triangles, and
squares (1st column) were precisely aligned with Ni panels (24 column) and solder
hinges (3" column) and then self-folded (4t column). Scanning electron microscopic
(SEM) images (4th column) highlight the high resolution of the patterned Au patches
on Ni panels of 3D metallic tetrahedra, octahedra, and dodecahedra shaped

microparticles. The self-folded metallic microparticles were also precisely soft-
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molded and then replicas of polymeric microparticles (5% column) with precise

pattern transfer (insets in the 5t column) were fabricated.

Briefly, to mold polyhedra, pre-polymer solutions were spread on the molds and
placed in a desiccator under vacuum for 2 hours to overcome the strong interfacial
forces that prevents the liquid from filling the small mold cavities and to remove any
bubbles present in the solution. Once the molds were completely filled with the
photosensitive polymer solution, we removed the excess and exposed the sample to
UV light for 2 minutes to crosslink the polymer. After photocrosslinking, we separated
the molded particles from the molds. To remove any flakes on the edges of
microparticles, we glued a sand paper on the bottom of a Petri dish, placed the molded
microparticles, covered the dish and placed it on a vortexer at 500 rpm for 3 hours.
We further sonicated the molded soft-polyhedra for 10 minutes to remove any

remnants of flakes.

9.4.2. Mass-producing

We utilized this process to mass-produce polyhedra with a variety of epoxy
polymers and hydrogel materials such as Norland Optical Adhesive 73 (NOA-73),
polyethylene (glycol) diacrylate (PEGDA), poly N-isopropylacrylamide-acrylic acid
(pNIPAM-AAc), and iron oxide doped magnetically responsive polymers (Figure 9.4.
(a-c)). Additionally, we highlight potential applications of these polyhedra in drug
delivery and lab-on-a-chip applications by filling molds with multi-colored dyes
arranging them in 1x3 and 3x3 assembled arrays and visualizing chemical release
(Figure 9.4. (d, e)).
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Further, we anticipate use of these micropolyhedra as building blocks for
aggregative assembly. Previously, most studies on colloidal assemblies have been
carried out with spherical particles.315316 [t is important to note that two non
deformable spheres touch each other only at a single point and aggregates are
isotropic, whereas polyhedral shapes such as cubes, dodecahedra and octahedra
touch at planar surfaces and can lead to highly anisotropic assemblies. Further, if
loaded with cells, these cell-laden hydrogels can be used for tissue engineering
applications. We illustrate this idea by utilizing cell laden hydrogel molded polyhedra
(Figure 9.5. (a, b)). Specifically, we used mouse pancreatic cell 5-TC-6 cultured in
complete growth medium containing Dulbecco’s Modified Eagle Medium with 10 %
fetal bovine serum. In the photo-encapsulation process, we first stained the cells with
a live stain Calcein AM (0.7 pg/mL) in PBS solutions for 30 minutes in the incubator
(37 °C, 5.0 % COz2), trypsinized and centrifuged at 1200 rpm to form a pellet. We
suspended the pelletin 1mL of PBS and 4 mL of PEGDA (700 MW), and added Irgacure
2100. The cell-PEDGA solution was spread on a sterilized PDMS mold and exposed to
UV light for 2 minutes. We verified that our molding process which requires only
simple photocrosslinking does not kill the cells and live cell laden blocks visualized
by the green color of the Calcein stain can be formed. Consequently, we were able to
mold 8-TC-6 mouse insulinoma cell-laden hydrogels to form polyhedra and then
assemble them in the shape of a pancreas (Figure 9.5. (¢, d)) highlighting

applications of these patterned building blocks in bottom-up assembly of tissues.317
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9.5. Conclusion

In summary, we have combined self-folding and molding to create soft polyhedra
such as tetrahedra, octahedra and dodecahedra. The process is scalable and can be
applied to a range of soft-materials and hydrogels including those loaded with
chemicals or live cells or organisms. We anticipate use of these polyhedra in colloidal

science, self-assembly, tissue engineering and lab-on-a-chip applications.
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Figure 9.1. Schematic showing the comparison of our patterned
micropolyhedra as compared toexisting microparticles. (a, b) Presently, soft-
microparticles can be mass-produced but only withsimple shapes and patterns. (c,
d) Our approach allows the mass-fabrication of polyhedra shapes with precise side-
wall patterning in all three dimensions limited only by the resolution of planar
lithography.

Reprinted with permission from S. Pandey, C. K. Yoon, Z. Zhang, H. R. Kwag, ]. Hong, and D. H.
Gracias, “Patterned Soft-Micropolyhedra by Self-Folding and Molding,” I[EEE 29th
International Conference on Micro Electro Mechanical Systems (IEEE MEMS), pp. 203-206,
2016.
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Reprinted with permission from S. Pandey, C. K. Yoon, Z. Zhang, H. R. Kwag, ]. Hong, and D. H.
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International Conference on Micro Electro Mechanical Systems (IEEE MEMS), pp. 203-206,

Gracias, “Patterned Soft-Micropolyhedra b

2016.
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Figure 9.3. Experimental results showing 3D pattern transfer during molding.
(a) Schematic, and (b-d) optical images from left to right showing fabrication of a
nickel tetrahedron, octahedron and dodecahedron with gold patterns and their
transfer to form patterned epoxy polyhedra with the same shape and pattern. All
scale bars represent 300 pm.

Reprinted with permission from S. Pandey, C. K. Yoon, Z. Zhang, H. R. Kwag, ]. Hong, and D. H.
Gracias, “Patterned Soft-Micropolyhedra by Self-Folding and Molding,” I[EEE 29th
International Conference on Micro Electro Mechanical Systems (IEEE MEMS), pp. 203-206,
2016.
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Figure 9.4. Soft-polyhedra with different polymers and hydrogels with and
without loaded chemical dyes. (a) Fluorescent image of fluorescein loaded
molded pNIPAM-AAc tetrahedra with surface patterns. (b) Image of molded NOA73
truncated octahedra. (c) Fluorescent image of rhodamine loaded PEGDA
dodecahedra. (d-e) Optical images visualizing chemical release from arrays of two-
color dye loaded PEGDA polyhedra. Scale bars represent (a-c) 300 um, (d, e) 700
pm.

Reprinted with permission from S. Pandey, C. K. Yoon, Z. Zhang, H. R. Kwag, ]. Hong, and D. H.
Gracias, “Patterned Soft-Micropolyhedra by Self-Folding and Molding,” I[EEE 29th
International Conference on Micro Electro Mechanical Systems (IEEE MEMS), pp. 203-206,
2016.
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Figure 9.5. Assembly of cell-laden bioblocks for tissue engineering
applications. Optical and fluorescent images of 3-TC-6 mouse insulinoma cell-laden
PEGDA (@) cubes, and (b) dodecahedra, (c) schematic diagram of the human
pancreas and (d) the assembly of 3-TC-6 cell-laden bioblocks in the shape of the
pancreas. All scale bars are 300 um and green fluorescence indicates viability of the
cells stained with a Calcein AM live stain.

Reprinted with permission from S. Pandey, C. K. Yoon, Z. Zhang, H. R. Kwag, ]. Hong, and D. H.
Gracias, “Patterned Soft-Micropolyhedra by Self-Folding and Molding,” I[EEE 29th
International Conference on Micro Electro Mechanical Systems (IEEE MEMS), pp. 203-206,
2016.
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10. Rolled-up Nanoporous Membranes by Nanoimprint
Lithography and Strain Engineering*

10.1. Overview

It is extremely challenging to enable nanoscale patterning in three dimensional
(3D) curved geometries using conventional nanolithographic approaches. In this
paper, we describe a highly parallel approach that combines nanoimprint lithography
(NIL) and thin film bilayer strain engineering to spontaneously roll-up nanopatterned
membranes into curved geometries. Specifically, we first patterned a silicon nitride
(SisN4) / silicon (Si) bilayer using nanoimprint lithography followed by plasma
etching to create well defined pores. The diameter of the pores was further reduced
by physical vapor deposition of platinum to sizes as small as 50 nm. After patterning,
the bilayers were released from the substrate by etching an underlying SiO2 sacrificial
layer. Based on the high deposition stress values for low pressure chemical vapor
deposition (LPCVD) deposited Si3sN4 and Si, we varied the thickness of the bilayer to
realize rolled-up tubes with different radii of curvature; these curvature values were
in good agreement with a finite element analysis model (FEM). The assembled
nanoporous tubes had well defined pores along their curved interface and can be

applied for drug delivery, separations and ion-sensing devices.

* Reprinted with permission from

1.]. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-up Nanoporous Membranes
by Nanoimprint Lithography and Strain Engineering,” IEEE International Conference on
Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp. 233-237, 2015.
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We highlight biocompatibility of the devices by encapsulating 5-TC-6 islet cells
of relevance to cell encapsulation therapy for diabetes. More broadly, we believe that
this approach of combining NIL with strain engineering processes could be utilized to
create a range of precisely nanopatterned curved structures in a highly parallel

manner.

10.2. Introduction

Nanoscale patterning approaches based on electron beam or nanoimprint
lithography (NIL) have revolutionized science and engineering.31®8 However, these
approaches are typically implemented on flat planar substrates; hence it can be very
challenging to realize precise nanoscale patterns in curved geometries. In order to
address this challenge, focused ion beam approaches have been developed but they
are inherently serial and expensive for nanomanufacturing.31® Parallel approaches
such as roll-to-roll nanoimprint lithography have been used to pattern nanoscale
gratings and polarizers.320 However, these can be challenging to implement when
patterning the entire circumferential surface area of cylinders or tubes, as achieved
in our present demonstration. Moreover, in many applications multiple layers of
patterning are needed with registry and these patterns can be extremely challenging

to implement in a roll- to-roll manner.

An emerging approach for 3D nanomanufacturing is based on the utilization of
stress to curve previously lithographically nanopatterned thin films.321-326 [n one
embodiment of this approach, bilayers are deposited with differential stress and then

subsequently patterned using conventional planar lithographic approaches. On
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release from the substrate, the films relax and the strain mismatch causes them to
curve spontaneously. As we demonstrate, when combined with NIL, the attractive
feature of our approach is that both patterning and assembly can be realized in a

highly parallel manner which is important for cost-effective nanomanufacturing.

High stresses can develop in thin films during or after deposition due to a variety
of reasons such as epitaxial mismatch, thermal coefficient mismatch or defects during
film growth.327 SisNs4 is a silicon-based material compatible with conventional
semiconductor nanofabrication technology, and is also generally considered
biocompatible.328 Therefore, SisN4 is widely utilized in conventional MEMS and NEMS
processing for a range of applications including electronics, sensors and biomedical
engineering. Due to these attractive material properties, the nanoporous Si3N4 based
devices that we describe are relevant for selective separations, biosensors and
immunoisolation.32? Stoichiometric LPCVD of SisN4 is known to deposit films with
high stress (~1 GPa), which is required for our assembly approach, even if the high
stress is avoided in many other conventional thin film applications. As the second
component of the bilayer, we utilize the monocrystalline silicon (Si) device layer on

commercial Silicon on Insulator (SOI) wafers.

Siis also a widely utilized material in electronics and biomedical devices and has
a significantly lower stress as compared to Si3Ns;330 consequently, due to this
difference in stress between the two layers a strain mismatch occurs on release from

the substrate. In addition, release of the bilayer can be achieved by etching the
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underlying buried oxide (SiO2) layer in hydrofluoric acid with sufficiently high etch

selectivity so as not to damage the patterned SizN4 and Si layers.

10.3. Experiments: Nanoporous SizN4/Si Bilayers

Nanoporous Si3N4/Si bilayers were first patterned on planar substrates (Figure
10.1.). The SisN4layer was deposited using LPCVD on an SOl wafer with a 500 nm top
Si device layer. The advantage of using SOI wafers is the presence of a high quality
electrically tunable Si device layer and the buried oxide layer which can serve as a
sacrificial layer and be dissolved to release high quality silicon devices.137 Hence, in
principle even electronic devices patterned in the high quality tunable,
semiconducting Si device layer on an SOl wafer could be formed. The LPCVD
deposited SisN4 and Si device layer form the mismatched strain bilayer in our

experiments.

We patterned the nanopores by first spin coating a 400 nm thick thermal resist
(NXR-1020, Nanonex, Figure 10.1. (a)). Periodic circular patterns were imprinted
using commercial Si master flat stamps (LightSmyth) and the Nanonex Advanced
Nanoimprint Tool NX-2000 (Figure 10.1. (b)). After NIL, we performed an Oz plasma
etch (Unaxis 790 RIE) to remove the resist residue (Figure 10.1. (c)). Then a 50 nm
thick chromium (Cr) film was deposited by thermal evaporation (Figure 10.1. (d));
the Cr serves as a dry etch mask. We dissolved the resist by sonication in acetone
(Figure 10.1. (e)) and then dry etched the exposed Si3N4/Si using a Unaxis 790 RIE

tool to form the nanopores. We used an etch gas composition of 1:16 of SFs:CF4 to etch
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the pores through the bilayer. Finally the Cr was stripped using a commercial Cr

etchant (CRE-473, Transene) (Figure 10.1. (f)).

10.4. Results and Discussions

10.4.1. Characterization of Nanoporous Surface

The NIL patterned and dry etched pores were characterized using SEM (Figure
10.2). As seen, pores are well defined and have an average diameter ranging from
200 to 400 nm along the height of the pore (Figure 10.2. (a, b)) compared to a 200
to 290 nm diameter of the posts in the NIL stamp, as specified by the vendor; hence,
the pattern was transferred with good accuracy by NIL. In case of Figure 10.2. (c),
we did observe some etch related widening of the pores in the Si layer; we attribute
this widening to etch rate differences for the two different materials (SizsN4and Si) of
the bilayer. If needed, the undercut can be reduced by adjusting the etch parameters

as seen in the SEM image of narrow pores in Figure 10.2. (d).

10.4.2. Characterization of Nanopores Sizes

We could further decrease the pore sizes by additive deposition. Platinum (Pt) is
highly biocompatible material and widely used in MEMS and NEMS fabrication
especially of relevance to electrodes, electrochemical devices and biosensors.331-334
The diameter of nanopores could be further reduced by controlling the amount of
sputtered Pt. The sequence of panels in Figure 10.3. (a) to (f) show decreasing
nanopore sizes ranging from the initial patterned nanopores (~ 300 nm) down to
60 nm when Pt was deposited for 100 minutes using power settings of 5 mA and

15 kV.

182



10.4.3. Characterization of Self-rolled Tubes

The schematic flow in Figure 10.4. (a) shows the process for generating 3D self-
rolled tubes. The tubes are formed by releasing the strain mismatched bilayer while
keeping one side attached using a patterned strip of photoresist. If needed, this strip
can be dissolved to completely release the tubes from the substrate or alternatively
left behind if the nanoporous tubes need to be integrated with other on-chip
components such as in conventional microfluidic devices. Importantly, the assembly
process is parallel (Figure 10.4. (b)) and the zoomed in image shows well-formed

tubes with NIL patterned nanoporous surfaces (Figure 10.4. (c, e)).

We also investigated the tunability of curvature in the roll-up process by varying
several geometric parameters such as the lateral dimensions and thickness of
Si3sN4/Si bilayer. For example, by controlling the width of the bilayer we can control
the circumference of the tube. Hence, it is possible to assemble semi-cylinders,
cylinders, and rolls with overlapping seams as shown in Figure 10.5. (a-c). Further,
by controlling the thickness of SizN4 thin layer from 50 to 140 nm, the roll diameter

could be varied from 200 to 500 pm.

In order to understand the mechanics of self-rolling and rationalize the variation
in the diameter of the cylinders, we performed finite element analysis. The Si3N4/Si
bilayer was constructed using a 3D deformable shell model in ABAQUS (Dassault
Systemes), considering the large length/thickness ratio. The dimensions were

selected directly from the experimental design parameters. The elastic properties and

183



stress in LPCVD Si3Ns films were obtained from the literature33% and are listed in

Table 10.1.

Since in the experiments, one edge of the thin film was fixed on the wafer using
the photoresist strip, the plane strain condition was considered for this case.
Therefore, for boundary conditions, we fixed one edge displacement as zero in all
translational and rotational directions. We modeled the stress in Si3sN4 by assigning a
thermal expansion coefficient only in SizN4 layer, and applying a temperature field to
simulate the folding process. The shell is meshed by structured quadratic elements.
The shell layer uses the Simpson’s integration rule and each layer was assigned with
nine integral points. Further, we verified that an increase in the mesh element density
and integral points did not make a significant difference to the results. The model
predicts similar trends to that observed in experiments. Essentially, an increased
Si3N4 thickness from 50 to 140 nm improves the folding and yields smaller diameter
tubes in agreement with experimental results (Figure 10.5. (d)). We rationalize this
result by noting that the stress-thickness product is important in causing rolling and
if either the stress or the thickness of the driving layer is too low, then the bending
moment of the bilayer is small so the tubes formed would have large radii. However,
this moment is balanced by the bending rigidity which also depends on thickness so
increasing the thickness of the SisN4 will eventually cause reduced bending and larger
radii. Based on our simulations for the values in Table 10.1. and a fixed thickness of

the Si layer = 500 nm, our model suggests that the maximum bending (rolling) with
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an associated diameter of 322 pum in diameter (inflection point) would occur at a SizsNa4

thickness of 205 nm.

10.4.4. Applications of Nanoporous Membranes

One of the applications of nanoporous membranes is in the encapsulation and
delivery of xenotrasplanted islet cells for diabetes therapy.33> It has been suggested
that nanoporous embranes could protect encapsulated cells from various
components of the immune system while enabling adequate transport of nutrients,
waste and therapeutic insulin from transplanted cells. A variety of nanoporous
hydrogel materials such as alginate have been utilized but it has been suggested that
nanofabricated pores with well-defined chemistry and straight pore geometries
could enhance immunoisolation and reduce biofouling.33¢ However, it can be
challenging to create such 3D nanoporous capsules using conventional fabrication
approaches due to the inherent planarity of parallel lithographic approaches. We
explored the use of our rolled-up tubes as nanoporous encapsulants for cells and
devised an experimental set-up to load §-TC-6 (beta) cells (ATCC, CRL-11506) into
the tubes using a syringe pump (Figure 10.6. (a, b)). After loading, cells were
cultured in the tubes and cell viability was verified after five days by staining with a
Calcein stain. This stain fluoresces green in live cells due to acetoxymethyl ester
hydrolysis by esterases that are present within cells. We observed that cells
fluoresced green indicating cell viability in the nanoporous tubes (Figure 10.6. (c,
d)). Further studies are needed to develop approaches to effectively seal the two ends

of the tubes and measure glucose release and applicability for immunoisolation. It is
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noteworthy that elsewhere we have demonstrated how self-aligning surface tension
driven seams can be used to seal self-folding structures3® and these approaches

along with polymer plugs could be utilized.

10.5. Conclusion

In conclusion, we have described the use of NIL and strain engineering to create
precisely nanopatterned curved nanostructures. The highlight of the approach is that
it is scalable and highly parallel. As opposed to expensive serial planar patterning
techniques such as e-beam lithography, NIL allows highly parallel patterning. One
limitation is that registry between multiple layers in NIL patterning can be
challenging, but the approach is highly relevant for periodic single layer patterns such
as pores, crosses or resonators. The latter patterns are relevant for optical
waveguides and metamaterials. Our studies also provide further evidence that strain
engineering can be used to transform flat films into curved geometries and the highly
parallel nature of the approach should be contrasted with serial 3D patterning
approaches such as two-photon or ion beam machining. Hence, this approach could
be applied to mass-produce curved nanopatterned electronic, optical and biomedical

devices in a cost-effective manner.
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Table 10.1. Elastic properties of each layer.

BN

Simulation parameters

Thickness Young’s modulus | Poisson Ratio Stress
(nm) (GPa) (MPa)
SizN, 50 to 140 290 0.253 1000
Si 500 190 0.220 0
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Figure 10.1. Schematic of the process flow that was used to pattern the
nanopores in the SizN4/Si bilayer.

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” IEEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.
233-237, 2015.
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Figure 10.2. SEM images of nanopores in the Si3sN4/Si bilayer. (a) Array and (b)
zoomed-in image showing well-formed pores. (c) Typical cross-section view of the
nanopores, and (d) zoomed in image of pores in Si3N4 (t= 90 nm) /Si (t= 500 nm)
thin films. By varying etch parameters, the pore widths could be tuned between
400-200 nm as illustrated in the images in panels (c) and (d).

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” IEEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.
233-237,2015.
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Figure 10.3. Reduction in nanopore size by platinum deposition. (a-f) Pores on
the rolled-up tubes with sizes ranging from an initial nanopore diameter
approximately 300 nm which was decreased down to 60 nm. (g) Plot of the nanopore
diameter (nm) vs Pt deposition time (min).

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” IEEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.
233-237,2015.
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Figure 10.4. Self-rolling nanoporous films. Schematic and experimental images
showing the (a) process flow and (b-e) SEM images of self-rolling nanoporous films.
(b) Multiple and (c) single rolled-up film (d, e) Array of well-formed nanopores by
NIL.

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” IEEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.
233-237, 2015.
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Figure 10.5. Experiments and FEM results of rolled-up nanoporous
membranes with different characteristics. (a-c) SEM images of semi-cylinders,
cylinders and rolls with overlapping seams. (d) Plot comparing experimental and
FEM curvature as a function of SizN4 thickness.

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” IEEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.

233-237, 2015.
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Figure 10.6. Cell culture in nanoporous tubes. (a) Optical image of the rolled-up
nanoporous SizN4/Si bilayers and (b) experimental set-up for loading the cells into
the tubes. The set-up consists of a hollow glass-tube inserted into the nanoporous
tube and attached to a syringe pump for controlled loading of a high-density cell
suspension (c-d) Optical and fluorescence image of calcein (viability stain) stained
cells indicating cell viability.

Reprinted with permission from J. H. Park, C. K. Yoon, Q. Jin, L. Chen, and D. H. Gracias, “Rolled-
up Nanoporous Membranes by Nanoimprint Lithography and Strain Engineering,” I[EEE
International Conference on Nano/Micro Engineered and Molecular Systems (IEEE NEMS), pp.
233-237, 2015.
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11. Summary and Future Studies

The main contribution of this dissertation is to mimic elements of natural
systems capable of showing environmentally adaptive shape changing behaviors by
using naturally self-assembled, -curved, or -folded structures. In order to realize
biomimetic reconfigurable engineered devices, photolithographic methodology, and
self-folding mechanism can be adapted to create multi-functional stimuli responsive
soft microsystems. Especially, self-folding strategies have been developed due to their
simplicity in creating multi-functional three dimensional (3D) microsystems that are
required for the development of biomimetic microscale devices applicable in
medicine, electronics, optics etc. These self-folding strategies can generate reliable
and reproducible high-throughput transformation of 3D patterns from those of two
dimensional (2D) by utilizing many materials (metallic or/and polymeric), size
ranges (cm to nm), and geometries (simple to complex) in a cost-effective and highly
parallel manner. In addition, to design biomimetic materials and devices at small
scales, stimuli responsive materials and devices have received considerable
technological attentions as intelligent materials due to their stimuli responding
mechanism when exposed to external stimuli. These stimuli responsive shapes and
structures can be manufactured by methods such as photolithography, 3D printing,
molding, or layer by layer assembly. In addition, the reconfigurable and spontaneous
shape changes of stimuli responsive microsystems can be generated by simple
control of volume changes in hydrogels or polymers. These stimuli responsive soft
microsystems can be autonomously navigated and controlled by using different

external environmental triggers such as heat, pH, light, magnetic fields etc. without
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the usage of any complex sensors, tethers, or batteries. Amongst many stimuli
responsive materials, poly (N-isopropylacrylamide-co-acrylic acid) (pNIPAM-AAc)
based hydrogels have been selected as one of the stimuli responding hydrogels
because of their high reversibility of phase transition around physiological body

temperature.

In order to implement the concept of self-folding stimuli responsive
microsystems, we proposed a simple programmable MEMS-inspired lithographic
approach in order to design stimuli responsive 3D polymeric structures made of
PNIPAM-AAc in Chapter 3. The pNIPAM-AAc based hydrogel was chosen as one of the
appropriate materials to generate shape changes based on dual thermal and pH
responsive properties controlled by simple swelling and deswelling in aqueous
environments. In photolithographic approaches, we have refined the
programmability of crosslinking degree of pNIPAM-AAc hydrogel systems so as to
generate self-folding stimuli responsive microsystems by utilizing different UV
exposure levels on panels and hinges. Especially, less UV exposed domains could
generate crosslinking gradients along a thickness resulting in spontaneous diverse
origami-like 3D curving, rolling, or folding structures when they are exposed to
external stimuli such as heat and pH. First, we characterized the chemical and
mechanical properties of pNIPAM-AAc experimentally and computationally in order
to understand the stimuli responsive folding mechanism of thin pNIPAM-AAc
monolayer composed of fully crosslinked panels and crosslinked gradient hinges.

Further, these self-folding and stimulus responding mechanisms of pNIPAM-AAc
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hydrogel were identified with their practical potentials such as hydrogel capsules for
drug delivery, multifunctional pH steered optoelectronic micro mirror systems for
code reading, imaging, and motion detecting by a simple programmable
photolithographic approach. It was demonstrated that the use of pNIPAM-AAc based
hydrogel microsystem could cover different possibilities towards the design of
biomimetic soft actuator at small scales. However, these stimuli responsive hydrogel
devices have limitations. For example, most complex 3D shapes of nano-scale stimuli
responsive materials and devices are hard to be structured. In addition, the most of
the shape deformation in stimuli responsive materials is quite simple and is limited
to aqueous solutions. Among many technical limitations, one of the big challenges of
stimuli responsive materials and devices is that the shape changing orders are hard
to be determined by conventional external triggers and there are none or very few
ways of programming the desired pathway of shape changing. In order to overcome
these limitations in stimuli responsive hydrogel systems, we utilized DNA-
hybridization driven swelling and developed highly selective shape changing soft

matter.

Stimuli responsive shape changing chemomechanical self-folding devices are
important in the design of soft robots, smart therapeutics, laboratories on chips and
assembly of 3D devices. However, most of them can fold or actuate into one or two
possible final structures by a small number of limited programmability. In order to
solve this challenge, we adopted a high throughput photolithographic approach to

fabricate multi-domain DNA crosslinked hydrogel systems to elucidate large
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specificity and programmability of biomolecular interactions to drive macroscale
shape change by DNA hybridization. A new class of chemomechanical soft actuators
could be developed by photopatterning and scalable integration of DNA-co-polymer
hydrogels with dramatic shape changes in multiple different ways in response to DNA
sequence inputs. We demonstrated the possibility of soft materials and functional
devices responding to a diverse array of chemical inputs has been demonstrated by
autonomously implementing adaptive chemical control programs. Especially, lock-
and-key type sequence-specific DNA hybridization could allow achieving the
combinatorial variety of material domains that have different swelling in different
micro-patterned hydrogel domain arrangements, in response to a DNA input of
particular sequence. In addition, we discussed the implementation of an FEM model
to understand the actuation of DNA responsive hydrogel systems by using bilayer bar

shapes.

In Chapter 4, we discussed the possibilities of highly selective intelligent
chemomechanical actuators by demonstrating selective and sequential actuation of
micropatterned shapes. This study has proposed an innovative multi-step fabrication
strategies to pattern complex shaped multi-domain DNA crosslinked hydrogel
systems and also their highly selective shape-changes by adopting DNA engineering.
However, DNA hybridization reactions in order to fold micro and millimeter scale
hydrogel systems were quite slow on the order of an hour. To mimic sub-mille
seconds folding and unfolding actuation such as Venus flytrap or bunchberry

dogwood, new DNA materials and geometric design parameters have to be
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considered in order to amplify bi-stable systems as snap-buckling deformation
having quick motion. In addition, our understanding of shape deformation of DNA
crosslinked hydrogel systems is limited to a simple model of bilayer bending based
on Flory-Huggins polymeric and Neo-Hookean spring models with experimental
mechanical moduli and swelling ratio parameters. However, a more in-depth
understanding of DNA programming in crosslinked hydrogel systems needs to be

acquired based on theoretical thermodynamics and kinetics.

In addition, most of the conventional stimuli responsive soft microsystems have
a low mechanical stiffness including our previously described pNIPAM-AAc (162
KPa) and crosslinked DNA (229 to 667 Pa) actuators. This can limit the grip-
functionality of soft actuators in a biopsy, for instance. To overcome one of these
limitations of soft stimuli responsive microsystems, we have adapted poly propylene
fumarate (PPF) which has higher mechanical modulus (16 MPa) compared to
pNIPAM-AAc and crosslinked DNA hydrogels. In specific, we further designed bio-
friendly and soft stimuli responsive micro scale grippers having rigid PPF panels atop
a continuous stimuli responsive pNIPAM-AAc hydrogel layer to demonstrate biopsy
as one of the alternative materials to enable low-power functional, adaptive and
autonomous systems. We have demonstrated that these untethered soft micro scale
grippers are attractive candidates to substitute metallic grippers for bio-inspired
microscale biopsy tools that reversibly fold and wunfold based on the
swelling/deswelling when the temperature changes. These grippers could activate an

anisotropic swelling response between the top and bottom layers when triggered by
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an external thermal stimulus so that spontaneous 3D folding occurs. In order to
implement this self-folding mechanism, we further modified Flory-Huggins model to
describe the bi-folding and reversible thermal actuation of pNIPAM-AAc/PPF soft
gripper mechanism. We have validated an important design strategy to create stimuli
responsive soft microsystems by pairing a rigid polymer such as PPF or SU-8 with
thermo-responsive pNIPAM-AAc hydrogel. In theoretical viewpoints, a finite element
model (FEM) could rationalize folding angles and their variations in stimuli
responsive microsystems based on swelling ratio and mechanical moduli. From a
bilayer design perspective, our modeling study has suggested an optimal thickness
and modulus ratio for the stimuli responsive hydrogel and stiff structural bilayers in
order to obtain the targeted folding angles. This FEM study highlights some important
challenges such as the materials and geometric design strategies to increase the
speed of actuation to the order of sub-second time scales while increasing the
resolution of lithography to get smaller structures. Finally, we showed that when the
pNIPAM-AAc layer was combined with the non-swellable stiff polymer such as PPF or
SU-8, the soft grippers could provide enough strength to extract cells from a tissue
clump. Further, we have shown the possibilities of these stimuli responsive materials
and systems which possess widespread advanced functionalities in soft robotic non-
invasive biopsy tools in surgeries by incorporating ferromagnetic iron oxide (Fe203)
into the gripper so that they can be potentially guided using a magnetic wire in a

clinical setting.
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Additionally, in order to broadly implement the concept of precisely guided
thermo- and magneto- responsive soft micro gripper systems for pick-and-place and
smart manipulation applications, point-to-point and autonomously controllable
electromagnetic and thermal systems have been developed (Chapters 6 and 7). As
described in the Chapters 6 and 7, the materials design of stiff polymers (PPF or SU-
8) and stimuli responsive pNIPAM-AAc based bilayer structures that are functioning
together with Fe203, could allow autonomous pick-and-place targets in unstructured
environments that contain time varying obstacles. These soft grippers could be
directed by the decision-making, path-planning, and closed loop control algorithms
with no human intervention. Experimentally, we designed autonomous micro soft
grippers and performed pick-and-place tasks. Furthermore, these soft grippers were
less destructive while picking and placing soft biological organisms. This suggested
the ability of soft grippers to autonomously detect and adapt precise manipulation in
a broad variety of tasks such as micro assembly and assisted fertilization in response
to external environmental changes. In addition, we have envisioned that these
thermo- and magneto- responsive soft gripping systems could enlarge the schemes of
non-invasive diagnostics and therapeutics by one step closer to reality. This wireless
magnetic-based motion control of soft untethered grippers can be developed by using
feedback from ultrasound or other clinically compatible imaging system as well.
Currently, these autonomously controlled magnetic and thermal responsive soft
gripper systems have to face further challenges in finding alternate solution or
materials to increase the magnetic response because they do not have enough

magnetic response to be guided to a place where friction is high or in mucus
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membranes, for example. In addition, in order to broadly utilizing the untethered
tools for surgery, there is need to construct devices that are biocompatible and
possibly biodegradable so that any tools left behind are completely cleared away by
the body. Finally, a systematic controller for precise heating or/and cooling delivery
at a target area is also one of the critical parts to be developed in soft-robotics and

surgery.

Stimuli responsive engineering also can be validated through several different
materials and methodological strategies so as to create functional 3D self-folding
microsystems. We developed solvent responsive flexible 3D optical and chemical
sensors composed of few layers graphene (FLG) and SU-8 bilayers (Chapter 8). Highly
sensitive, with low power miniaturized sensors have promoted MEMS-inspired
fabrication technologies in a single analytical device. The development of the ultra-
dense small 2D or 3D detectors composed of metallic and semi metallic materials
have resulted in improved sensitivity, thereby delivering better performance in
sensor applications. However, most 2D or 3D metallic and semi metallic sensors are
brittle, opaque, and have low flexible to control the shapes as compared to the soft
polymeric devices. We have demonstrated that the photolithographic self-folding
mechanism could be replaced with metallic and semi metallic sensors on soft matters.
Especially, we also discovered that a low level UV light exposure on the SU-8 polymer
can make photo-crosslink gradient along a thickness direction to change shapes
spontaneously and reversibly. We proposed these unique characteristics of SU-8

combined with 2D layers of graphene in order to make soft sensors with better
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performance due to the extreme sensitivity of graphene to the external environment
and reversible shape control of SU-8 by the self-folding mechanism. We also
developed an alternative approach to pattern and design the transparent free-
standing, and untethered reversibly rolling and flattening graphene/SU-8 sensors.
We demonstrated first good adhesion of FLG to hydrophobic SU-8, then second, the
capability to pattern and incorporate gold electrodes using planar lithography prior
to release from the substrate and finally stimuli responsive engineering of SU-8.
Finally, we highlighted these FLG/SU-8 sensors that can control the electrical and
optical properties through programming the structures from 2D to 3D by self-rolling,
in order to prove the ultimate dual functional opto-electrical sensing abilities through

several ionic media, cell lines, and laser sources.

Furthermore, one of the significant challenges in soft matter engineering is the
mass fabrication of precisely patterned 3D soft micro and nanoscale materials and
devices. An attractive strategy to overcome this challenge is to leverage the existing
infrastructure and precision of planar photo, e-beam, and nanoimprint lithography
approaches, and to fold up the previously patterned thin films to form precisely
patterned 3D materials and devices. However, due to the small size and stiction, it is
difficult to design complex shapes of soft micro structures or particles with
conventional probes. In order to overcome this methodological limitation, in Chapter
9, we identified the method that combines self-folding and conventional soft molding
techniques in order to create complex shaped microscale polymeric particles.

Especially, these approaches not only enable us to synthesize complex shaped 3D
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polymeric microstructures but also make it possible to transfer arbitrary patterns
precisely onto the surfaces of the molded soft particles with microscale resolution in

a highly parallel and mass-producible manner.

In addition, nanoscale patterning in 3D curved geometries is extremely
challenging. In chapter 10, we described an innovative technique that combines
nanoimprint lithography (NIL) and strain engineering to obtain spontaneous rolled-
up nanopatterned membranes into 3D curved geometries. Self-folding refers to
processes wherein planar structures fold up spontaneously, typically when released
from a substrate or when exposed to specific stimuli. The driving forces for self-
folding result from material heterogeneities that are either stimulated or engineered
during thin film deposition or fabrication and can be varied. Especially, in this chapter,
we described that self-folding of uniformly strained structures resulted in curved or
rolled-up structures with different radii of curvature. Technically, the curvature of
silicon nitride (SisN4)/ silicon (Si) bilayer could be controlled by varying its thickness
during low pressure chemical vapor deposition (LPCVD). We could assemble
nanoporous tubes via combining NIL with strain engineering processes in a cost
effective and parallel assembly manner. Finally, we proposed that 3D rolled up tubes
having arrays of nanopores along their curved surface could be applied for drug

delivery, separations, and ion-sensing devices.

As contribution to future work, fully biodegradable stimuli responsive self-
folding microsystems have to be considered for biopsy or/and drug delivery

applications in biomedical engineering. Recently, untethered soft robotic devices
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have been introduced for biopsy or drug delivery but the materials utilized to make
these devices are often non-biodegradable, thus increasing the risk for utilization in
humans, especially, if they are lost or are left inside the body. Particularly, these
devices have to be non-cytotoxic, including both before and after degradation
processes. In order to obtain fully biodegradable and biocompatible stimuli soft
materials, poly (acrylamide-N, N-Bis(acryloyl)cystamine) p(AAm-BAC) and poly
(oligo ethylene glycol methyl ether methacrylate-co- bis(2-methacryloyl) oxyethyl
disulfide) p(OEGMA-DSDMA) can be considered. We can utilize wafer scale
patterning to design a variety of shape changing stimuli responsive micro devices
including grippers by using p(AAm-BAC) and p(OEGMA-DSDMA). These structures
are also expected to fold and bend due to anisotropic differential swelling similar to
previous bilayer structures such as pNIPAM-AAc/PPF or pNIPAM-AAc/SU-8.
Furthermore, it is anticipated that the stimuli responsive devices composed of
p(AAm-BAC)/p(OEGMA-DSDMA) bilayers can be fully degraded in the presence of
glutathione or similar reducing agents at physiological body temperature. We expect
the development of a wide range of such thermally and magnetically responsive soft
drug delivery devices that can move to the desired area, grab targets, release drugs,
which can be fully biodegraded. Moreover, 3D printing strategy combined with self-
folding mechanism can also envision further high applicability of stimuli responsive
self-folding macroscale systems. Photolithographic and self-folding methodologies
are appropriate for sub-millimeter scales devices and 3D printing can enlarge the size
scopes to macroscales in order to develop 3D printed stimuli responsive materials

and devices which are applicable in a variety of applications such as alternatives of
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biological organs, minimally or non-invasive surgical tools, and high sensitive and
selective configurable sensors and actuators. Furthermore, these biodegradable and
biocompatible materials and newly innovative methodological approach of 3D
printing will make the stimuli responsive self-folding systems obtain distinct less-
invasive and bio-friendly operating systems in a body compared to traditional
electrically or pneumatically driven motion of conventional tethered robots. Finally,
the rapid development of stimuli responsive systems in recent years has increased
the necessity of micro- and macro-scale devices in soft robotics, smart therapeutic
drug delivery capsules, less-invasive and precisely controllable biopsy tools, highly
selective programmable intelligent actuators, and flexible chemical and optical
sensors etc. We have expected that the photolithographic methodology combined
with self-folding mechanism can realize those reconfigurable stimuli responsive
microsystems in mass-producible and cost-effective parallel operation manners. In
addition, we also believe that these stimuli responsive self-folding microsystems have

addressed a new platform to study microscale physics and dynamics.
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