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Abstract

Soft material robotics relies on the development of responsive, soft materials and
requires high standards, with respect to the material properties: High responsiv-
ity, robust mechanical properties, high cycle times, and fast responses are some
examples for these requirements, which are rarely found in such responsive, soft
materials, and thus need to be adjusted by material engineering.

This thesis addresses tailoring the properties of thermoresponsive hydrogels and
implementing these materials into soft robotic applications. Furthermore, a thor-
ough investigation of material responsivity and mechanical properties is conducted,
which are crucial parameters for the development of soft actuators.

First, a template-assisted fabrication method based on sacrificial zinc oxide tem-
plates is introduced, which yields microporous and highly thermoresponsive hy-
drogels. Compared to its conventional bulk counterpart, this material exhibits a
large volume transition and generates considerable stroke forces upon stimulation,
which are crucial requirements for actuator applications. These changes in ther-
moresponsive actuation properties result from the increased surface area created
by the microporosity of the hydrogel. Actuation capabilities are demonstrated on
the basis of a soft, thermally controlled gripper.

Based on the previous findings, two-photon 3D laser printing is used to fabri-
cate responsive hydrogel microactuators with precise control of actuator surface-
to-volume ratio and to investigate actuation capabilities as a function of actuator
design and fabrication parameters. It turns out that miniaturization of the actu-
ators and especially the surface-to-volume-ratio have a major impact on respon-
sivity. In addition, variation of the processing parameters during fabrication is
found to be a facile strategy for tailoring actuator properties, such as stiffness and
responsivity. Moreover, the assembly of individual actuators into microactuator
systems, enables cooperative functions, such as capturing and releasing cargo in a
microfluidic chip upon thermal stimulation.

The micro engineering strategies presented in this work, provide a toolkit for
understanding the science of thermo-actuation and tailoring actuation properties
of responsive hydrogels. Furthermore, methods for developing soft robotic appli-
cations at the microscale using such hydrogels are demonstrated.






Kurzfassung

Das Forschungsgebiet der Material-basierten, weichen Robotik baut auf die Ent-
wicklung responsiver, weicher Materialien auf und stellt hohe Anforderungen an
deren Materialeigenschaften: Eine ausgeprigte Reaktionsfahigkeit, robuste mech-
anische Eigenschaften, hohe Zyklenzahlen und schnelle Reaktionen sind einige
Beispiele fiir diese Anforderungen, die bei herkommlichen responsiven, weichen
Materialien nur selten vorhanden sind und daher durch die Werkstofftechnik an-
gepasst werden miissen.

Diese Arbeit befasst sich mit der Anpassung der Eigenschaften von thermore-
sponsiven Hydrogelen und der Implementierung dieser Materialien in Anwendun-
gen innerhalb der weichen Robotik. Dartiber hinaus wird eine griindliche Un-
tersuchung der Responsivitat und der mechanischen Eigenschaften durchgefiihrt,
welche entscheidende Parameter fiir die Entwicklung weicher Aktoren sind.

Zunachst wird ein Herstellungsverfahren vorgestellt, welches auf der Grundlage
von Opfertemplaten aus Zinkoxid beruht und mikroporose, hoch thermoresponsive
Hydrogele hervorbringt. Im Vergleich zum konventionellen, nicht-porosen Gegen-
stiick weist dieses neue Material eine grofle Volumenanderung und betrachtliche
Hubkrafte unter Anregung auf, was entscheidende Voraussetzungen fiir Aktorik-
Anwendungen sind. Diese Verianderungen der thermoresponsiven Eigenschaften
ergeben sich aus der vergroflerten Oberflache, die durch die Mikroporositat des
Hydrogels resultiert. Am Beispiel eines weichen, thermisch gesteuerten Greifers
wird schliellich die anwendungsorientierte Leistungsfahigkeit demonstriert.

Aufbauend auf diese Ergebnisse, wird Zwei-Photonen-3D-Laserdruck verwendet,
um responsive Hydrogel-Mikroaktoren herzustellen, und deren Leistungsfahigkeit
in Abhangigkeit vom Aktordesign und den Herstellungsparametern zu untersuchen.
Es zeigt sich, dass die Miniaturisierung der Aktoren und insbesondere deren Ober-
flachen-Volumen-Verhaltnis groflen Einfluss auf die Responsivitat haben. Weiter-
hin stellt sich heraus, dass die Variation der Herstellungsparameter eine einfache
Strategie zur Anpassung der Aktoreigenschaften, wie Steifigkeit und Ansprechver-
halten, darstellt. Dariiber hinaus sorgt das Zusammenfiigen einzelner Aktoren
zu Mikroaktorsystemen fiir kooperative Funktionen, wie z.B. das Einfangen und
Freisetzen von mikroskopischer Fracht unter thermischer Anregung in einem mikro-
fluidischen Chip.

Die in dieser Arbeit vorgestellten mikrotechnischen Methoden bieten eine Grund-
lage fiir das wissenschaftliche Verstandnis von thermischer Aktorik und die An-
passung der Aktorik-Eigenschaften von responsiven Hydrogelen. Weiterhin werden
Strategien fiir weich-robotische Anwendungen dieser Hydrogele auf der Mikroskala
demonstriert.
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Introduction

Since the Old Stone Age, also called the Paleolithic, humans have developed and
used tools to simplify and upscale their daily work, as well as to make new, useful
products.[1] Over the years, these tools have been refined and became more and
more complex, causing a gigantic revolution of human life, evolving from an agricul-
tural society to an industrial society. Mechanical tools were modified and combined
to form complex machines, and the discovery of electricity finally lead to the devel-
opment of large factories, in which machines operated day and night. The invention
of computers finally enabled the automation of machines and process chains, which
constitutes the birth of robotics. Recent progress in connecting machines via net-
works, facilitated the communication between robots and even factories, culminating
in the formation of so called smart factories.|2]

However, in recent years, the field of robotics has done a fundamental transforma-
tion: It shifted its focus, from previous conventional concepts of rigid and typically
electrically powered materials, to new approaches relying on flexible, compliant, and
adaptable materials, powered by their environment. This new field of research is
known as soft (material) robotics and is carried out at the intersection of engineer-
ing, materials science, and biology. Besides the use of soft materials, algorithms
that allow for soft motions of robotic devices are developed in computer science
research, which is also considered soft robotics. However, this work focuses on the
material-based soft robotics.

While conventional (hard) robotics is a highly successful field, it features fun-
damental shortcomings, such as low compatibility in collaboration with humans,
in chemically harsh or physiological environments, low thermodynamic efficiency,
and difficulties with unstructured, dynamic, and unpredictable surroundings. [3] Soft
robotics, in turn, aims for bridging the gap between machines and living organisms,
and has the potential to overcome these shortcomings. Soft, responsive materials can
autonomously adapt to environmental changes by carrying out predefined, charac-
teristic functions, and can demonstrate safe interactions with humans and biological
organisms.[4] Many concepts of soft robotics have been inspired by nature and an-
imals, such as octopus arms, sea stars, worms, and biological skin, which served as
models for the design of soft grippers, soft walkers, and soft sensors.[5]-[7] Espe-
cially in the biomedical field, soft robotics based on the use of stimuli-responsive
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hydrogels, responding to changes in temperature, pH, light, electric or magnetic
fields, and more, has gained high attention. This is due to the hydrogel’s potential
to mimic functions of muscles, tendons, and other soft tissues, which could revolu-
tionize healthcare industries and applications in human-robot-interactions.[§]

In the following chapter, a state of the art overview about recent progress in soft
actuator developments based on stimuli-responsive hydrogels is portrayed.

1.1 State of the Art: Stimuli-Responsive
Hydrogels in Soft Robotics

Recent research trends in the development of stimuli-responsive hydrogels for soft
robotic applications focus on the synthesis of multi-functional hydrogels, responding
to several environmental stimuli, as well as increasing the sensitivity and respon-
sivity of such hydrogels. In addition, tailoring mechanical resistance and develop-
ing high-precision microfabrication methods, which allow for flexibility regarding
substrates, material composition, and design complexity, are of high interest. In
particular, healthcare, wearable technology, and human-robot interaction scenarios
became highly popular fields of application in recent years.

Classical hard actuator materials, such as piezoelectrics, magnetostrictives or
shape memory alloys, are firmly established components of industrial devices. Piezo-
electric ceramics for instance offer rapid response times (up to ultrasound range;
> 20 kHz)[9], high mechanical stress generation (MPa to GPa)[l0], and precise
position control (nanometer range)[l11]. However, they are brittle, and typically
require high voltages for powering[12], which makes them incompatible with physio-
logical environments. In addition, robotic devices based on hard materials are usu-
ally assemblies, composed of several individual components, which together perform
functions, such as sensing, feedback controlling, and responding, but require sophis-
ticated programming.|13] Responsive soft materials, in contrast, typically combine
these functions in one and the same material, due to their adaptive nature and direct
response to physicochemical signals.[14] Among these materials, stimuli-responsive
hydrogels have gained great attention, due to their high water absorptivity, elastic-
ity, flexibility, biodegradability, and biocompatibility, enabling versatile application
in the biomedical field.|15] While hydrogel-based actuators in the millimeter range
have been developed and studied extensively, hydrogel microactuators remain less
researched. Here, the need for highly advanced microfabrication technologies has
been a bottleneck in the past and research has progressed only recently. Therefore,
the science behind hydrogel microactuation up to now remains rather poor.

Current research focuses on the synthesis of multi-responsive hydrogels, sensitive
to several external stimuli, which allows for more effective treatment in biomedical
applications or more diverse actuation modes in soft robotic applications. Dual-
responsive hydrogels based on copolymerized methylacrylic acid and N, N’-methylene
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diacrylamide have been developed, for site-specific controlled drug release.|16] This
hydrogel is capable of slow drug release in low pH environment and fast release
under weak alkaline conditions, due to its pH-dependent swelling. In addition, a
local increase in temperature can trigger the drug release on demand and inde-
pendent of the environmental pH, which offers a higher degree of freedom for the
treatment. Liu et al. developed a multi-responsive hydrogel system, co-assembled
from a phenylalanine and azobenzene derivative, which can respond to temperature,
pH, host—guest interaction, and photoirradiation.|17] This material is capable of con-
trolling cell proliferation, encapsulation and on-demand release in three-dimensional
environments under the various stimuli. In case of local stimulation, light offers high
potential, due to its precise spatiotemporal control possibilities and the availability
of manifold light sources. Guo et al. have developed a photo-responsive compo-
site hydrogel, based on thermoresponsive poly(N-isopropylacrylamide) (PNIPAM))
and multi-walled carbon nanotubes. Using this material, a biomimetic butterfly soft
robot was fabricated, which is steered by visible light, enabling it to achieve periodic
wing movements and propulsion under water.[18]

Common limitations of stimuli-responsive hydrogels include low sensitivities, slow
response rates, and poor mechanical robustness, which compromise the applicabil-
ity of these materials in actuator research. Thus, recent developments aim for in-
creasing hydrogel responsivities as well as mechanical properties. Wei et al. have
fabricated electrospun hydrogel nanofibers coated with polypyrrole, which exhibit
rapid speed (1285.71 ° s7! of folding) and complex programmable actuation upon
light-irradiation. Furthermore, the material was capable of lifting objects 100 times
of its self-weight.[19] Other work has focused on highly sensitive hydrogels, such
as composites based on silver flakes and [PNIPAM] which serve as highly sensi-
tive, wearable detectors for weak vibrations of the human throat during speaking,
sensing sweat, and neuromuscular electrical stimulation when used as skin elec-
trodes.|20] With regards to mechanical reinforcements, Cao et al. have developed a
highly stretchable, electrically sensitive hydrogel based on polyacrylamide, sodium
alginate, and gallium filler. Despite a low elastic modulus (30 kPa), the composite
material exhibits high-toughness (2.25 MJ m™3), large tensile deformation (1400%),
recoverability, and excellent fatigue resistance. The hydrogel was successfully tested
for monitoring various human motions, including large-scale joint bending and tiny
facial expression, breathing, voice recognition, and handwriting.[21]

State of the art methods for fabricating stimuli-responsive hydrogel actuators have
evolved with advancements in processability of heterogeneous materials, shape com-
plexity, substrate flexibility, and fabrication resolution. Some of the most popular
methods include 3D/4D printing technologies, soft lithography, and microfluidic-
based fabrication. Microfiber-shaped, axially patterned hydrogel actuators have
been fabricated by Takeuchi et al., using a valve-controlled microfluidic device. The
programmable microfibers were capable of helical deformation and interaction with
external objects upon thermal stimulation.|22] Other work has used soft lithogra-



4 Introduction

phy approaches to micromold programmable bilayer hydrogel actuators, capable of
mimicking movements of biological organisms.[23] Recently, 3D printing of adaptive
hydrogels, also known as 4D printing, has evolved as a promising tool to fabricate
complex shaped soft actuators with versatile shape-morphing capabilities.[24]

Manifold applications of stimuli-responsive hydrogels in the biomedical field have
been developed in recent years, including drug delivery, tissue engineering, biosen-
sors, and soft robots. In drug delivery, hydrogels offer transport and release of
incorporated drugs in a sustained manner and at desired targets, due to their high
porosity, high surface area, and high water absorption capability.[25] However, clin-
ical translation of such technologies remains challenging with regard to chemical
complexity, biological responses, and predictability of externally triggered release ve-
hicles when used in vivo.|26] Kim et al. demonstrated light-induced, on-demand re-
lease of dexamethasone from poly(N-isopropylacrylamide-co-vinyl-2-pyrrolidinone)
and magnetite nanoparticle composite hydrogels, to achieve localized, sequential,
and long-term release from transdermal patches.[27] A stretchable, conductive artifi-
cial nerve tissue was developed by Dong et al., by copolymerizing polyaniline (PANI))
and polyacrylamide (PAM]). The hydrogel was capable of light-triggered promotion
of bioelectric signals in injured nerve tissue.[28] A biomimetic hydrogel sensor, with
skin-like strain and pressure sensing behavior, was developed by Xia et al., on the
basis of an ionic conductive hydrogel and core—shell hybrid latex particles as phys-
ical crosslinking centers.[29] In the field of soft robots, Zheng et al. have realized
a shape-morphing, soft microrobot based on alginate hydrogel, which is capable of
targeting, releasing, and sampling under the control of a magnetic field and envi-
ronmental ionic stimuli. Versatile actuation modes, including locomotion and en-
capsulation of nanoparticles, allowed for transportation and navigation in ez vivo
gastrointestinal environment. [30]

Remaining challenges and current work in progress, regarding stimuli-responsive
hydrogels for soft robotic applications, include achieving rapid (milliseconds to sec-
onds) and controllable response times, environmental compatibility, altering me-
chanical toughness, and development of high precision fabrication technologies.
Miniaturization of hydrogel actuators with high spatial resolution (sub-micrometer
to low micrometer range), flexibility of substrates, and multi-material compositions
are still challenging tasks. Future progress might therefore be made in the direction
of implementing hydrogel microactuators into lab-on-a-chip devices, where complex
tasks could be accomplished at the microscale, by versatile hydrogel microactuator
assemblies.

This thesis will focus on strategies to overcome some of the aforementioned chal-
lenges, in particular increasing response times and tailoring mechanical properties
of thermoresponsive hydrogel actuators. Macro-sized (millimeter range) responsive
bulk hydrogels exhibit relatively slow swelling and deswelling kinetics, as compared
to hydrogel microstructures. Hence, one goal of this work will be to develop a strat-
egy to increase response times of macro-sized hydrogel actuators by microstructural
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modification, such as incorporation of micropores. Furthermore, this thesis aims at
developing thermoresponsive hydrogel microactuators (in the low micrometer range)
and providing systematic characterization tools for investigating, understanding, and
tailoring the actuation capabilities of thermoresponsive hydrogel microstructures.
The possibility of combining individual hydrogel microactuators into microactua-
tor systems, to achieve new, cooperative functions will be explored as well. In the
following chapter the objectives of this thesis are explained in more detail.

1.2 Objective

The fundamental objective of this doctoral thesis is to explore, how microstructural
modifications of thermoresponsive hydrogels within the domain of soft actuators can
tailor actuation properties. Within this context, strategies of increasing response
times, adjusting mechanical stiffness and stroke force generation, as crucial actuator
parameters, are elaborated. In addition to a thorough characterization of these
properties, the material’s performance in soft actuator applications shall be tested
by implementation into soft robots.

This thesis is structured as follows: First, a detailed description of the fundamental
concepts, required to comprehend the results discussed in this thesis, is given in
Chapter [2 Therein, I introduce functional hydrogels as the material of choice
for developing soft actuators. Subsequently, several state of the art techniques for
fabricating hydrogel microstructures are presented.

Chapter 3| discusses the results and methods of the experimental work of this
thesis. In Section a microengineering approach is introduced, which provides a
toolkit to tailor the response properties of macro-sized (millimeter scale) thermore-
sponsive [PNIPAM] hydrogels, by microstructural modification. In addition, soft
actuators made of the microengineered material are characterized systematically
and are finally implemented into a soft actuation setup. To investigate the influence
of microstructural changes in more detail and to confirm the hypothesis of faster
response times due to increased material surface area, thermoresponsive hydrogel
microstructures with different surface-to-volume ratios are investigated in Section
. Here, two-photon 3D laser printing of miniaturized (micrometer scale) soft hy-
drogel actuators is done, and followed by a systematic characterization of actuation
capabilities as a function of microstructure design and fabrication parameters. Fi-
nally, microactuator systems are developed and implementation into a microfluidic
chip is presented. A conclusive discussion of the findings, including an evaluation
of limitations and comparison to other research, is added in Section [3.3] Finally,
I summarized the main results of this thesis in Chapter 4| and give a perspective
into further applications based on functional hydrogel microstructures.






Fundamentals

In this chapter, I introduce the fundamental concepts, required to understand the
strategies presented in this thesis. First, an introduction to soft robotics and soft
actuators is given, with a special focus on stimuli-responsive hydrogels. Afterwards,
I explain state of the art fabrication techniques for hydrogel microstructures, namely
template-assisted and photolithography methods. Particular emphasis is placed on
radical (photo)polymerization and two-photon 3D laser printing, which play a crucial
role in the scope of this thesis. Throughout the sections, I refer to applications in
soft robotics and microfluidics, to set the results of this work into a broader context.

2.1 Soft Robotics and Soft Actuators

While conventional (hard) robotics is a highly successful field, that has been man-
ifested in industrial applications for decades, it still features fundamental short-
comings, such as high complexity, limitations in collaboration, compatibility with
chemically harsh or physiological environments, and low thermodynamic efficiency,
just to name a few.|3]

Soft robotics, in turn, is still in its early stages and focuses on the use of flexi-
ble and compliant materials, which have the potential to overcome such shortcom-
ings.[31] These materials are capable of autonomous adaptation to environmental
changes and demonstrate safer interaction with humans and biological organisms in
general.[4] Many concepts of soft robotics have been inspired by nature and animals,
such as soft grippers that mimic the function of octopus arms or sea stars, soft walk-
ers imitating the movement of worms, or soft sensors mimicking biological skin.[5]—
[7] While early developments in soft robotics were often based on pneumatically or
hydraulically driven elastomeric structures, that required tethered connections to
external pumps, more recent designs focus on fully autonomous, responsive poly-
meric materials. Examples are electroactive polymers, liquid crystal elastomers, or
responsive hydrogels, which can be controlled remotely.[32]—[34] Stimuli-responsive
hydrogels are especially interesting for soft robotic applications in liquid environ-
ments or at physiological conditions, due to their compatibility with aqueous media
and their mechanical similarity to biological tissue.|[35]
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Even though the boundaries between the terms robot and actuator are continuous,
an actuator can be understood as being a basic component of a robot, which in
general converts energy into mechanical motion.[36] Soft actuators often combine
functions, such as sensing and reacting, in one and the same part, due to the adaptive
nature of the materials in use, while hard robotics commonly requires different
components for sensing and actuation, that have to communicate with each other.

Recently, advances in microfabrication technologies have fueled the development
of micro-sized soft actuators. Miinchinger et al. have fabricated bi-layered soft
microbeams, capable of significant bending motions under thermal stimulation.[37]
Miniaturization has therefore led to the emergence of micro soft robotics, which
focuses on performing tasks at micro and nano scales. However, in many cases the
reduction of actuator dimensions into the micrometer range remains challenging.
Among electroactive polymers, dielectric elastomer actuators (DEAS) are highly
popular, which are capable of deformation upon electric stimulation.[38] Here, find-
ing microfabrication processes that allow for manufacturing both the dielectric elas-
tomers as well as compliant electrodes at the microscale and even implementation
into integrated circuits represent major obstacles.[39] In contrast, responsive hydro-
gel actuators can be designed from single material structures and recent advances in
microfabrication technologies, such as 3D printing, have shown promising potential
for the development of soft microactuators.[40] The following chapter thus focuses
on explaining fundamental aspects on some functional hydrogels, which have been
used in this thesis.

2.2 Functional Hydrogels

Among the various materials for soft actuator development, functional hydrogels
represent a promising candidate. Hydrogels are three-dimensional polymeric net-
works with a high hydrophilicity, that results in water uptake and a high degree
of swelling, as well as soft mechanical properties.|[41] These materials can be found
in nature, such as agarose, alginate, chitosan, collagen, fibrin, and hyaluronan, but
also have been synthesized as in the case of poly(ethylene glycol) (PEGI), poly(vinyl
alcohol) (PVAI), or poly(2-hydroxyethyl methacrylate) (PHEMA]).[42] In general,
it can be distinguished between physically crosslinked hydrogels, consisting of re-
versible bonds, such as hydrogen bonds or physical entanglements, and chemically
crosslinked hydrogels, representing permanent networks made of covalent bonds.
Due to their soft nature, compatibility with aqueous environments, and often bio-
compatible properties, hydrogels are attractive materials for biomedical research,
tissue engineering, drug delivery, and more.[43], [44]
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Stimuli-responsive hydrogels belong to the class of smart materials and exhibit
distinct changes in their chemical and physical properties in response to environ-
mental changes, such as temperature, light, potential of hydrogen (pH]), and electric
or magnetic fields. Hence, these materials are especially attractive in the fields of
biosensors and soft actuators.|45]

Several methods of synthesizing stimuli-responsive hydrogels have been employed,
including free radical polymerization, click chemistry, enzyme catalysis, or self-
assembly. [15] Furthermore, multi-responsive hydrogels have been developed by copo-
lymerization of several responsive monomers types, such as thermoresponsive N-
isopropylacrylamide and [pH}sensitive acrylic acid (AAd), or incorporation
of photo-active molecules, such as azobenzenes or spiropyran derivatives.[46], [47]
The combination of multiple responsive components into a single hydrogel system
enables complex motions as well as multi-functional behaviors.[4§]

To understand the behavior and performance of responsive hydrogels, it is crucial
to characterize their material properties systematically as a function of an external
cue. Here, several methods have been employed, including analysis of the swelling
characteristics by monitoring changes in sample size and weight, studying changes of
the mechanical properties by compression testing, rheology, or microindentation, and
morphological investigation by scanning electron microscopy (SEM]) and confocal
microscopy. [49]—[52]

In recent years, significant advancements have been made regarding novel stimuli-
responsive moieties, crosslinking strategies, and fabrication techniques to enhance
the performance and expand the range of applications of stimuli-responsive hydro-
gels.[15] However, recent challenges remain, such as achieving precise control over
the stimuli-response, enhancing mechanical properties, improving long-term stabil-
ity, and miniaturizing hydrogel samples.

In the following, I provide an overview of the functional hydrogels used in this

thesis.
(@) OH

PAM PNIPAM PAA

Figure 2.1: Structural formulas of the functional polymers poly(acrylamide) (PAM),
poly(N-isopropylacrylamide) (PNIPAM), and poly(acrylic acid) (PAA)
are depicted.
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2.2.1 Polyacrylamide Hydrogels

Poly(acrylamide) (PAM]) is a synthetic, linear polymer consisting of acrylamide
([(AM]) monomers and was originally introduced as a support matrix for electrophore-
sis in 1959.[53] Nowadays, it serves as a versatile biomaterial, with applications
ranging from wound healing to biosensors and many more.[54]

Its chemical structure is depicted in Figure and consists of a carbon back-
bone with hydrophilic amide side groups. Crosslinked PAM hydrogels can be pre-
pared via free radical polymerization, using AM monomers and N,N’-methylene-
bis(acrylamide) (BIS) as a crosslinker. Most commonly, and are
used as radical initiators, or photoinitiators, such as riboflavin or [LAP] in the case
of photopolymerization.[55] In contrast to PNIPAM| PAM hydrogels are typically
non-thermoresponsive and exhibit consistent swelling behavior across a range of
temperatures, which is primarily governed by factors like polymer concentration
and crosslinking density.[56] The degree of swelling can vary due to changes in sol-
vent properties, but these changes are not as dramatic as the [LCSTldriven swelling
behavior of PNIPAM.

Poly(acrylamide) hydrogels exhibit biocompatible properties, such as chemical
inertness with biological molecules or tissue, low toxicity, and controlled porosity,
allowing for cell infiltration and tissue ingrowth. The hydrophilic nature of PAM
hydrogels facilitates the diffusion of nutrients and metabolites, resembling to natural
tissues in terms of water content. These properties make PAM suitable for tissue
engineering scaffolds and controlled release platforms.[57] Moreover, the material
can be functionalized or modified using specific bioactive molecules, such as peptides
and growth factors, to yield enhanced interactions with cells or tissues.|58] However,
proper purification and removal of any residual initiators or monomers are critical,
to ensure biocompatibility, and thorough material testing is essential for biomedical
applications.

As synthetic biomaterials, PAM hydrogels have been explored for wound healing,
contact lenses, drug delivery systems, enzyme immobilization, protein separation,
and biosensors.[59]-[61] In addition, PAM is used in water treatment and wastewater
purification, due to its high water absorption capacity and capability to absorb
pollutants and heavy metal ions.[62] Their widespread use in research suggests that
PAM hydrogels exhibit compatibility with a broad range of biological systems.

Recent advancements in PAM hydrogel research include the development of hy-
brid systems, combining stimuli-responsive moieties with acrylamide monomers, to
achieve multi-responsivity and targeted responses. Innovations in fabrication tech-
niques, such as 3D printing and microfluidics, have expanded potential applications
to microscale devices. Future research could explore the potential of PAM in fields
such as soft robotics and wearable devices.

10
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2.2.2 Thermoresponsive Poly(N-isopropylacrylamide)

One of the most popular and most extensively studied thermoresponsive polymers is
[PNTPAM] which was synthesized for the first time in 1956.|63] The thermoresponsive
properties were first investigated systematically in 1968 by Heskins and Guillet.[64]
The chemical structure of linear PNIPAM is depicted in Figure and consists of
a non-polar backbone with amphiphilic side chains. These side chains are respon-
sible for the thermoresponsive properties, where a thermodynamic balance between
hydrophilic interactions from the amide group and hydrophobic interactions from
the isopropyl group is established.[65]

The polymer’s tendency to form hydrogen bonds between the amide groups and
water molecules or to avoid those, can be derived from the Gibbs free energy change

AG:

AG=AH—T-AS (2.1)

Here, AH denotes a change in enthalpy, T the temperature, and AS a change
in entropy. In general, a chemical reaction will happen spontaneously if AG < 0,
whereas it will not happen spontaneously for AG > 0, since a reduction in Gibbs
energy is thermodynamically favored principally.|[66]

In the case of PNIPAM, the formation of hydrogen bonds between amide groups
and water molecules corresponds to a decrease in enthalpy (AH < 0; favored)
and a reduction in entropy (AS < 0; not favored), due to an increase in order by
a highly structured hydration shell.[67] Both terms are thus competing with each
other. Since the entropy term scales with temperature, it dominates for high temper-
atures, whereas it can be neglected for low temperatures. At a certain temperature,
AH and T - AS will have the same magnitude and balance out to AG = 0. This
temperature is called the lower critical solution temperature (LCST]) of PNIPAM
and denotes the point of phase transition between a hydrophilic and a hydrophobic
state of the polymer. Below the LCST, AG is < 0 and the polymer chain forms
an extended, hydrated coil, while above the LCST, AG is > 0 and the polymer
chain undergoes a coil-to-globule transition, favoring intrachain interactions rather
than binding water molecules. This mechanism is illustrated in Figure Hence,
an aqueous solution of PNIPAM below the LCST is transparent, due to the sol-
vated polymer chains, while above the LCST the solution becomes opaque, due to
the phase separation of water and dispersed PNIPAM globules. For PNIPAM the
LCST is at 32 °C and the phase transition is reversible. 68|
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Figure 2.2: The thermoresponsive behavior of a linear PNIPAM chain is illustrated
schematically. Below the LCST of 32 °C, the amide groups form hydro-
gen bonds with water molecules and the polymer remains as a hydrated
extended chain. Above the LCST, intramolecular interactions become
more favorable, causing the hydrogen bonds to break and the polymer
chain to collapse into a globule, by expelling the water.

Crosslinked 3D networks of PNIPAM can be formed by radical polymerization
using NIPAM monomers, BIS as a crosslinker and a radical initiator, such as APS
and TEMED or LAP. These networks are considered PNIPAM hydrogels and change
volume as a response to temperature changes, as depicted in Figure [2.3] Below the
LCST the hydrogel swells in water, while above the LCST the hydrophobic network
collapses and shrinks significantly by expelling the water. The swelling behavior
can be tailored by modifying the composition of the hydrogel, such as incorporating
additional monomers or varying the crosslinker concentration, to obtain hydrogels
with desired swelling properties.

Furthermore, the mechanical properties of PNIPAM hydrogels are often relevant
for applications and can be adjusted by the crosslink density and the polymer con-
centration. In general, these hydrogels are soft and exhibit low mechanical strength.
However, the incorporation of crosslinkers or the formation of interpenetrating poly-
mer networks with other polymers can enhance their mechanical properties. This
makes the material suitable for applications such as tissue engineering scaffolds or
soft actuators, where specific mechanical strength is required. For stimuli-responsive
hydrogels, however, the amount of additional (non-responsive) crosslinkers in rela-
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tion to (responsive) monomers can strongly affect and suppress their response, if
the polymer network becomes too stiff and rigid. Thus, mechanical stability and
desired functionality often compete with each other.[71]
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Figure 2.3: The volumetric change of a chemically crosslinked PNIPAM hydrogel as
a response to temperature changes is depicted schematically. Below the
LCST, the polymer network swells in water and occupies a relatively
large volume. Higher crosslink densities result in smaller network pores
and make the hydrogel less hydrophilic as compared to lower crosslink
densities. Thus, the degree of swelling in less crosslinked PNIPAM hydro-
gels is higher. Above the LCST, the polymer network becomes less hy-
drophilic and collapses, by expelling the water and reducing its volume.
The magnitude of shrinkage in this process is higher for less crosslinked
PNIPAM, as compared to highly crosslinked PNIPAM.

Other synthetic thermoresponsive polymers than PNIPAM have been explored,
such as poly(vinyl methyl ether) (PVYMEI), which shows potential application in low
fouling coatings and cell harvesting [72], poly(ethylene oxide)-poly(propylene ox-
ide) (PEO-PPQJ) block copolymers, being studied for drug delivery [73], or poly(N-
vinylcaprolactam) (PNVCIL), showing a promising future in the biomedical field.
In addition, some natural polymers demonstrate thermoresponsive properties, such
as hydrogel systems based on polysaccharides (cellulose, chitosan and xyloglucan)
and proteins (gelatin).[75] However, PNIPAM is by far the most extensively studied
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and most frequently used thermoresponsive polymer, due to its facile synthesis, com-
mercial availability, low costs, good biocompatibility, and its phase transition near
physiological temperature, which makes it an ideal candidate for various biomedical
applications. 76|

In recent years, significant advancements in PNIPAM hydrogel research have been
made, including exploration of strategies to increase mechanical stiffness, obtain
faster responses, access sensitivities to other stimuli, such as pH or light, and incor-
poration of bioactive molecules or functional groups for specific applications. [77]—[79)
Future research directions involve the development of hybrid hydrogels by combina-
tion of PNIPAM with other polymers or formation of composites using nanoparti-
cles, to broaden the material capabilities, increase functionality, and improve overall
actuation performance.

2.2.3 pH-Sensitive Polyacrylic Acid

Poly(acrylic acid) (PAA]) is a weak anionic polyelectrolyte, meaning that it can be
ionized depending on the pH value of the surrounding medium.[80] At low pH (pH
< 4.25), the carboxylic acid groups (-COOH) of the polymer chains are protonated,
while at high pH (pH > 4.25) these groups deprotonate (-COO™), resulting in an
ionized state of the polymer.[81] Crosslinked hydrogels of PAA thus exhibit pH-
dependent swelling characteristics, where electrostatic repulsion in the anionic state
results in an extended polymer network and influx of water molecules at elevated
pH. The chemical structure of PAA is depicted in Figure [2.1]

The responsive nature makes PAA hydrogels interesting materials for application
in biosensors, drug delivery, and soft actuators.|82] In Figure a microscope im-
age of 3D laser printed PAA hydrogel microactuators is displayed. The micropillars
are responsive to ionic strength and the degree of swelling depends on the chemical
composition of the surrounding salt solution. Hence, these actuators could poten-
tially be used for sensing functions. Copolymers containing acrylic acid have also
been reported to exhibit thermo-, electro-, and pH-responsive behavior, which in-
creases the range of applications to multiple stimuli.[83], [34]

Future research directions and recent challenges address the long-term stability
of PAA hydrogels, increase of drug load efficiency, control of release kinetics, and
exploration of 3D printable formulations.
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Figure 2.4: Microscope images of poly(acrylic acid) hydrogel micropillars are de-
picted. In sodium chloride solution the hydrogel swells significantly
more, as compared to a calcium chloride solution.

2.3 Fabrication Techniques for Hydrogel
Microstructures

The ability to engineer hydrogel microstructures with precise control of size, mor-
phology, and spatial arrangement has opened new avenues for applications ranging
from tissue engineering and drug delivery to microfluidics and biosensors. While
some fabrication techniques are more suitable for high throughput processing, oth-
ers are superior in shape complexity and fabrication resolution, or more flexible in
changing designs. This chapter deals with the diverse range of fabrication techniques
for creating hydrogel microstructures and elaborates their advantages, limitations,
and potential applications.

Generating microscale hydrogels requires methods, that can control the crosslink-
ing process with high spatial precision. These techniques can be categorized into
photolithography, micromolding, extrusion-based synthesis, template-assisted meth-
ods, and emulsiﬁcation., The following sections focus on template-assisted
and photolithographic approaches, which are most relevant in the scope of this the-
sis.
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2.3.1 Template-Assisted Methods

Template-assisted fabrication methods provide versatile and precise approaches for
creating hydrogel microstructures with tailored properties and functionalities. These
methods are based on using a scaffold material to shape and guide the formation of
hydrogel microstructures. Often the hydrogel is polymerized inside or around the
scaffold material and if desired, the scaffold can even be removed after polymeriza-
tion to yield porous microstructures. The template material typically defines the
shape and morphology of the final hydrogel microstructure or micropores, while the
functionality is pre-determined by the hydrogel precursor composition.[88] However,
in advanced template-assisted methods, functionalities can also be included by coat-
ing the sacrificial material with another material, such as electrically conductive or
magnetic thin films. After removal of the sacrificial scaffold, these coatings remain
in the hydrogel microstructure and provide the hydrogel with a new function.[89)

Key aspects of template-assisted fabrication methods include template selection,
hydrogel precursor infusion, and template removal strategies. FElectrospun fibers,
porous membranes, microfluidic devices, and sintered nano- or microparticle scaf-
folds represent a few examples of template materials.

In wound dressing or tissue mimicking applications, electrospinning can be em-
ployed, which uses electrostatic forces to fabricate nanofibrous templates that can
be coated with hydrogel precursors.[90] Microfluidic devices can control the flow and
crosslinker concentration of hydrogel precursor solutions, to generate hydrogel mi-
crostructures with tailored properties. Especially microscale patterns and gradients
can be fabricated by this approach and find application in tissue engineering and
biosensing.[91] Porous membranes having defined pore sizes and geometries can serve
as templates for designing hydrogel microstructures by methods such as membrane
casting or freeze-casting. These approaches are useful for cell encapsulation and
drug delivery applications.[92] Powders of nano- or microparticles can be molded
and sintered to yield highly porous templates, while maintaining a high intercon-
nectivity of the template material. This approach is valuable for applications in
neuroscience research or for generating conductive hydrogels.[93]

Despite the various techniques for designing template materials, there are several
ways of infusing the hydrogel precursor into the templates. Porous scaffolds can
simply be infiltrated, and the hydrogel solution can be polymerized using thermal
radical initiators.[89] However, hydrophilic template materials are required for this
approach and photoinitiators can only be used, if the template material is transpar-
ent for the respective wavelength of light. Thin hydrogel films can be deposited on
templates by means of initiated chemical vapor deposition ({CVDI), where monomers
and initiator in the gaseous phase flow into a vacuum chamber and start a radical
polymerization in an adsorption layer on the template surface. The radical initia-
tor is typically excited via resistively heated filaments.[94] Furthermore, hydrogel
precursor solutions can be coated onto templates via dip coating or electrospray-
ing. After adhering to the template’s surface, the hydrogel is solidified to create the

16



Fundamentals 17

desired microstructure.|95], [96]

Several template removal strategies have been developed for extracting the hy-
drogel structures from the templates once they have been formed. Preserving the
integrity of the hydrogel microstructures while effectively detaching them from the
templates, are essential for a successful removal. The choice of removal strategy de-
pends on factors such as the template material, hydrogel composition, and intended
application of the hydrogel microstructures. If the template material is soluble in
a specific solvent, it can be dissolved to release the hydrogel microstructure, as for
example dissolution of sugar or salt templates in water.[97], [98] Thermal release
can be used when the template has a lower melting point than the hydrogel’s struc-
tural integrity. Here, the template material may soften, melt, or undergo a phase
transition, to get separated.[99] If the hydrogel cannot be removed mechanically (for
instance by peeling), changing the environmental conditions, such as pH, tempera-
ture, or solvent exchange, may facilitate the release. In the case of biodegradable
templates, the material itself can degrade over time to release the intact hydrogel
microstructure.[L00] This method is especially interesting for in vivo applications.

Even though some of the aforementioned template-assisted fabrication methods
are capable of designing hydrogel structures in the micrometer range, most methods
are restricted in miniaturization by the minimum template size, which is often in the
millimeter range. Still, such macro-sized hydrogel samples can be used for study-
ing fundamental actuation principles, as in the case of thermoresponsive hydrogel
actuators, for instance. For PNIPAM hydrogel bulk samples, it is well known, that
thermally-induced shrinkage and swelling is limited by the in- and outflow of water
and by formation of a dense skin layer.[101] Hence, template-assisted incorporation
of micropores can cause a penetration of the skin layer and promote water flow. By
controlling the micropore diameter and pore density, these methods can further be
applied to systematically investigate and understand thermoresponsive actuation of
hydrogels in general.

2.3.2 Photolithography

Photolithography, within the context of hydrogels, relies on the development of syn-
thetic and natural, photo-crosslinkable pre-polymers, that can form hydrogels upon
exposure to light.[102] In this process, typically a small volume of a photosensitive
polymer resin is exposed to UV light through a photomask containing the pattern
of the final microstructure. As the light reaches the resin through the transparent
regions of the mask, it induces a photoreaction that crosslinks the polymer. The
residual resin that has not been illuminated by light remains unpolymerized and can
be washed away with appropriate solvents, yielding the final hydrogel microstruc-
ture. Figure displays the process schematically. In addition, maskless fabrica-
tion processes have been developed, such as digital light projection or laser-based
stereolithography.[103] Compared to traditional photolithography techniques using
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photomasks, these maskless methods offer several advantages, such as enhanced flex-
ibility regarding corrections, modifications, and iterations of the specimen design.
Further, production costs and times can be reduced by eliminating the need for
expensive photomask fabrication and mask alignment.
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Figure 2.5: The fundamental concept of photolithography is illustrated schemati-

cally. (A) In conventional photolithography, a photoresin is exposed to

light by use of a photomask, which projects the pattern of choice from a

light source into the resin. After development, the solidified part of the

resin remains on the substrate, while the soluble part is washed away

with a solvent. (B) In maskless photolithography, in contrast, focused

light from a laser or [LEDIis typically scanned over the photoresin, trans-
ferring the design pattern into the resin.

Photolithography can achieve resolutions that range from sub-micron to millime-
ter scale, enabling fabrication of hydrogel structures much smaller or much larger
than an average cell diameter of approximately 10 microns. This characteristic al-
lows for a spectrum of biological applications, such as tissue engineering. Recently,
photolithography-based 3D bioprinting has been used to fabricate implantable bone

tissue. [104]

In the context of hydrogel microfabrication, the concepts of radical (photo)poly-
merization, one- and two-photon absorption, and two-photon polymerization play a
fundamental role. Hence, I explain these topics in the following sections.
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Radical (Photo)Polymerization

Free radical polymerization (ERP]) is a process in chemistry, where individual build-
ing blocks (monomers) are successively linking to long chains (polymers) by forma-
tion of covalent bonds. This method is widely employed to synthesize a variety of
polymers, ranging from common plastics, such as poly(ethylene) (PEl), poly(vinyl
chloride) (PYC), or poly(methyl methacrylate) (PMMAI), to advanced materials ex-
hibiting tailored properties, such as highly stretchable, UV-curable elastomers for
digital light processing,[105] or architecturally complex polymers with controlled
chain topology and functionality.[106] The process of free radical polymerization
can be divided into three steps, namely initiation, propagation, and termination.

During initiation, highly reactive molecules are generated, which are called free
radicals and are crucial to start the polymerization. This activation is commonly
induced by heat, light irradiation, or redox reactions, and is based on cleavage of a
labile bond in the initiator molecule. The free radicals thus possess unpaired elec-
trons and tend to react with monomers to form new radicals. This process starts the
propagation, where monomer radicals covalently link to other monomers by forming
additional radical monomers. In this way, long polymer chains are formed, which
can reach high molecular weights of up to 750 kDa under specific reaction condi-
tions.[107] Finally, the growing polymer chains are terminated via several possible
mechanisms, including combination, disproportionation, and chain transfer reac-
tions. Figure illustrates the different steps of a free radical polymerization
schematically. Factors influencing the kinetics of free radical polymerization include
monomer concentration, initiator concentration, temperature, and properties of the
reaction medium.|108]

In the case of photopolymerization, the radical polymerization is initiated by
light. Hence, appropriate photoinitiators are required that absorb light at a specific
wavelength. Photopolymerization is used in hardening printing inks, dental fillings,
coatings of glass fibers and discs, and photoresists.[109] It is particularly relevant
in the field of 3D printing, such as in stereolithography (SLAl), digital light pro-
cessing (DLP)), and continuous liquid interface production (CLIP]). Light-based 3D
printing of polymers offers several advantages compared to conventional extrusion-
based methods, such as fabrication of complex multi-functional material systems
with controllable optical, chemical, and mechanical properties, as well as a higher
resolution.[110]—[112]
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Figure 2.6: The individual steps of a free radical polymerization are illustrated
schematically. The growth of a polymer chain is initiated by conver-
sion of an initiator molecule into a free radical, which covalently links
to a monomer and turns the monomer into a radical. The excitation
of the initiator in this example is induced by light absorption. During
chain propagation, more monomers are linked covalently to the growing
polymer chain. Termination can happen by combination of two growing
chains, as depicted in this example, but also other mechanisms are pos-
sible, such as disproportionation or chain transfer reactions.

For the fabrication of responsive hydrogels via light-based 3D printing, a pho-
toresin is required that must be composed at least of three main components mixed
in an appropriate solvent: monomers, crosslinkers and photoinitiators. In addition
to that, fillers and other functional monomers can be added to tailor mechanical
properties as well as multi-responsivity. A reaction schematic of PNIPAM hydro-
gel formation via chemical crosslinking of NIPAM monomers and BIS crosslinker is
depicted in Figure [2.7]
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Figure 2.7: Formation of a chemically crosslinked PNIPAM hydrogel is depicted
schematically. NIPAM (monomers), BIS (crosslinker), and LAP (pho-
toinitiator) molecules react in a free radical polymerization initiated by
light, to form a 3D polymer network. This crosslinked polymer can swell
in water to form a PNIPAM hydrogel.

One-Photon and Two-Photon Absorption

In conventional light-based 3D printing techniques, such asSLAL [DLP] or [CLIP] the
photoinitiator is excited by absorption of a single photon. Here, the energy of the
photon must match the energy gap between the ground state of the molecule and
an excited state, to induce transition of an electron into a higher energy level. This
process can be illustrated in a Jabloriski-diagram, as depicted in Figure [2.8] The
probability for one-photon absorption ([OPA]) is linearly proportional to the light
intensity and typically UV light is required to excite conventional photoinitiators.
Printing resolutions in these processes are typically in the low micrometer range,

while the print volumes are in the order of cm?.[113]
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Two-photon absorption ((ITPAl), in contrast, is a non-linear process, where the ab-
sorption probability is proportional to the square of light intensity. Here, a photoini-
tiator molecule nearly simultaneously absorbs two lower-energy photons to achieve
the same energy transition that would occur in one-photon absorption. Hence,
near-infrared light (NIR)) is commonly required for excitation. Since this process is
only effective in regions of high photon density, tightly focused pulsed laser beams
are used. Printing techniques based on two-photon absorption, such as 3D laser
nanoprinting, thus can reach much higher resolutions (< 200 nm) compared to one-
photon absorption, and print sizes are typically in the order of pm? to mm3.

one-photon absorption two-photon absorption
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Figure 2.8: Jablonski-diagrams are presented to illustrate the mechanism of one-
photon (left) and two-photon (right) absorption. A photoinitiator
molecule is excited by transferring an electron from a ground state into
an excited state. The energy required to overcome the gap between
these states is provided by light absorption. In the case of one-photon
absorption (OPA), a single photon of typically high energy (~ UV) is
absorbed, while in two-photon absorption (TPA), two lower energy pho-
tons (= NIR) are absorbed nearly simultaneously via a virtual state.
Therefore, the photons” wavelength in TPA is twice as much compared
to OPA. The excited photoinitiator finally forms a radical, which can
initiate a polymerization. [Figure based on: |115]]
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Two-Photon Polymerization of Hydrogels

Two-photon polymerization (TPP]) has become a widely used method for high preci-
sion fabrication of complex and intricate, polymeric 3D microstructures. Especially
in the context of hydrogels, this tool has exploited new possibilities in applications
such as tissue engineering, drug delivery, and microﬂuidics.

The method is based on photoinitiated radical polymerization of a hydrogel pre-
cursor resin, where the initiator radicals are excited via two-photon absorption. The
experimental setup typically includes a highly focused, femtosecond pulsed near-
infrared laser (A ~ 800 nm), which is stirred by galvo mirrors and focused via an
oil immersion objective. A droplet of the photoresin is deposited on a glass sub-
strate and mounted into a piezo-controlled stage. During printing, the focused laser
beam is scanned through the droplet in three dimensions, initiating polymeriza-
tion of the resin, according to a previously generated computer model of the final
microstructure. After printing, the sample is developed in appropriate solvents, re-
moving the unpolymerized resin and revealing the final hydrogel microstructure.
A schematic of the experimental setup is sketched in Figure [2.9]

.,) shutter A
> laser s

780 nm,
80 fs, 80 MHz

voxel

galvo mirrors piezo stage

/ objective

substrate

camera >

Figure 2.9: The basic setup of a typical two-photon polymerization (TPP) microfab-
rication device is depicted schematically. This includes a femtosecond
pulsed near-infrared laser (A ~ 800 nm), which is deflected by galvo
mirrors and tightly focused via an oil immersion objective. A glass
substrate is loaded with a droplet of photoresin and mounted into a
piezo-controlled stage, which can move in x-, y-, and z-direction. Galvo
mirrors and piezo-stage allow to scan the focused laser in three dimen-
sions, resulting in polymerization of the photoresin in the regions of the
laser focus spot (voxel). A camera is used to visualize the process during

3D printing. [Figure based on: ||
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The smallest volume element that can be solidified at once is called a volume pixel
or voxel, and has an ellipsoidal shape. The main factors influencing the voxel’s di-
mension, and thus the printing resolution, include the optical system of the printer,
chemical and optical properties of the photoresin, and printing parameters, such
as laser power and scan speed. The implemented galvo mirrors allow for precise
and fast steering of the laser beam, resulting in scan speeds of hundreds of millime-
ters per second. Further, the efficiency of the photoinitiator has a major impact
on the resolution. Here, a high probability for two-photon absorption (high two-
photon cross-section) is desirable, to efficiently generate radicals. Another require-
ment in the biomedical field is a low toxicity of the photoinitiator. Promising and
frequently used initiators in hydrogel microfabrication include lithium phenyl (2,4,6-
trimethylbenzoyl) phosphinate (LAP), bis(2,4,6-trimethylbenzoyl)-phenylphosphine-
oxide (TPO), and cyclic benzylidene ketone-based initiators.[118]

In addition to the photoinitiator, the monomer and crosslinker concentrations
predetermine the final hydrogel’s properties. For stimuli-responsive hydrogels, the
type of monomer defines the functionality of the final gel, whereas the crosslink
concentration determines the mechanical stability, which usually competes with re-
sponsivity. However, the degree of crosslinking practically can be controlled easiest
by varying the laser dose and keeping the resin composition constant. A typical resin
is composed of about 88% monomers, 10% crosslinker and 2% photoinitiator.[119)
Recent advancements of two-photon 3D laser printing include two-photon grayscale
lithography and two-step absorption instead of two-photon absorption.

In grayscale lithography, the laser intensity is varied during printing of an ob-
ject, controlling the local exposure of the resin. Hence, the voxel size is changing
according to the laser intensity, which allows for reducing the step sizes of stacked,
printed layers at curved surfaces. As a result of increased vertical resolution, curved
surface features of an object, such as a lens, become smoother. This is in particu-
lar relevant for micro-optics and photonic applications.[120] Moreover, 2D grayscale
images can be converted into 3D objects, by relating the brightness of image pixels
with the topography of the final object.|121] In hydrogel microactuator fabrication,
grayscale lithography can be used to make gradients in crosslink density and achieve
anisotropic actuation properties, such as in bending, bi-layered beams.[122]

Two-step absorption has been introduced in 3D laser printing and relies on the
use of photoinitiators, which can be excited via a real intermediate state, instead of
a virtual intermediate state. These real states have a much longer lifetime compared
to the virtual ones. Apart from this, two-step absorption exhibits the same quadratic
dependence of exposure dose on light intensity as two-photon absorption, and thus
provides the same high precision printing capabilities. However, lasers with much
lower optical output power (sub-milliwatt) are sufficient to induce two-step absorp-
tion and in turn, reduce the costs and sizes of 3D laser printers significantly.[123]

Comparing two-photon polymerization microfabrication to other additive manu-
facturing technologies, it outstands with its tremendous printing speed (hundreds
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of millimeters per second) with respect to high resolution (sub micrometer), the
variety of curable materials and substrates, and a high degree of freedom regarding
print shape complexity. Other common microfabrication techniques, such as elec-
tron beam or atomic force lithography, are restricted to 2.5D sample geometries and
typically exhibit a comparatively low fabrication throughput.|124]

In 3D hydrogel microfabrication, high printing resolution is a key parameter to
mimic native 3D environments, in which cells can reside, or to design drug delivery
platforms with optimal temporal and spatial release control. Hence, two-photon
laser printing is a promising fabrication tool for these kind of applications.[125]
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Results and Discussion

3.1 Thermoresponsive PNIPAM Hydrogels with
Improved Actuation Function for Soft
Robotic Applications

Partial results of the presented work have been published in:

e Spratte, T., Arndt, C., Wacker, 1., Hauck, M., Adelung, R., Schroder, R.R.,
Schiitt, F., Selhuber-Unkel, C., Thermoresponsive Hydrogels with Improved
Actuation Function by Interconnected Microchannels. Adv. Intell. Syst.
2022, 4, 2100081. https://doi.org/10.1002/aisy.202100081

3.1.1 Introduction

In this chapter, I introduce a method for incorporating a microchannel network into
thermoresponsive [PNIPAM] hydrogels using a sacrificial zinc oxide scaffold. This
approach leads to a significant increase in thermally induced actuation compared to
the conventional bulk material, even though only a small fraction of the hydrogel
is replaced by microchannels. Furthermore, the novel material is attractive for soft
robotic applications, which is demonstrated in an actuation setup at the end of this
chapter.

First, the fabrication process of the microengineered hydrogel is ex-
plained in detail (Section and the presence of hollow microchannels is verified
by a microstructural examination (Section . Subsequently, the temperature-
induced shrinking and swelling properties are investigated thoroughly (Section
and Section and compared with the bulk material, as well as the
mechanical material characteristics (Section [3.1.6]). Finally, the hydrogel’s abil-
ity to generate stroke forces is studied and verified in an actuation setup (Section
. For completion, a comparison with other actuation concepts is also included
(Section [3.1.8).

Thermoresponsive hydrogels are attractive material candidates for soft actuator
research due to the possibility of inducing volume changes by simply varying the
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environmental temperature.[126] Especially phase transition temperatures close to
room temperature and human body temperature are of high interest because the
energy input for actuation is comparatively low and could potentially be achieved
under physiological conditions.|127] However, compatibility with different environ-
ments, adjustable material stiffness, fast response rates, and distinctive volume
changes are typical requirements that are difficult to combine and often compete
with each other.[128] Bulk thermoresponsive hydrogels, in contrast, are known to ex-
hibit slow response rates and generate comparatively weak stroke forces, limiting the
application in soft actuators due to low amplitude deformation.[129] For
hydrogels, the formation of a skin layer upon dehydration above the lower criti-
cal solution temperature (LCST)) is reported, which prevents further shrinkage and
reveals another limitation.[130] The microengineered PNIPAM] introduced in this
work overcomes the limitations of the bulk hydrogel, by showing large shrinkage as
well as high stroke forces that can be used to actuate external objects. Furthermore,
the material stiffness remains unaffected by the microchannels and can be adjusted
by the chemical composition of the hydrogel, while still maintaining a high temper-
ature response. Other established methods of increasing the temperature response
of [PNIPAM] hydrogels are often based on chemical modifications of the polymer
network such as copolymerization[131], formation of interpenetrating polymer net-
works|132], or nanocomposites.[133] These approaches usually are accompanied by
undesirable changes in material properties, such as a shift in [LCST][134], elastic-
ity[135], or optical transparency.|136] The microengineering approach explained in
this work can therefore provide an attractive method of developing highly responsive
and chemically unmodified, thermally controlled hydrogel actuators.

3.1.2 Preparation of Bulk and Microengineered PNIPAM
Hydrogels

All hydrogel samples were prepared via free radical polymerization, using N-iso-
propylacrylamide (NIPAM]) monomers, crosslinker and N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED)) in combination with ammonium persulfate (APS) as a
radical initiator in an aqueous solution. Three different hydrogel compositions were
used with varying crosslinker concentrations according to Table and denoted as
soft, medium, and hard. The samples containing microchannels were termed channel
PNIPAM whereas the ones without channels were termed bulk PNIPAM. All chem-
icals were purchased from Sigma Aldrich (Taufkirchen, Germany) and used without
further purification, if not stated otherwise. and were purchased from
BioRad (Hercules, California, USA).
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sample NIPAM BIS APS | TEMED | H,O
composition m/mg|m/mg|m/mg| V/u |V /§ul
PNIPAM soft 600 5 10 23 4600

PNIPAM medium 600 10 10 23 4600
PNIPAM hard 600 15 10 23 4600

Table 3.1: Compositions of hydrogel precursor solutions with varying crosslinker
(BIS) concentration are listed. The different samples used in the ex-
periments are termed PNIPAM soft, medium, and hard.

In a first step, two aqueous solutions were prepared: one vial containing [NIPAM],
[BIS, and and another containing only Both vials were sealed with a
septum and purged with nitrogen for 10 minutes in an ice bath and under magnetic
stirring at 500 rpm, to ensure homogeneous mixing. Afterwards, both solutions were
combined and stirred for a few seconds before the hydrogel solution was immediately
cast in a mold.

Bulk hydrogel samples were prepared by casting the solution into a poly(tetra-
fluoroethene) (PTEE]) mold. The mold contained cylindrical wells of 8 mm diameter
and 12 mm depth, and each well was filled with 750 pl of the hydrogel solution. The
filled mold was left at room temperature (22 °C) for 2 hours until the samples were
polymerized. After removal from the wells the samples were stored in room tem-
perature MilliQ water. Before using the samples for further experiments, the water
was exchanged daily over a period of 5 days to remove any unreacted molecules.

Microengineered PNIPAM hydrogels were prepared according to a previously es-
tablished method of Dr. Christine Arndt by infiltrating the hydrogel solution into
sacrificial, highly porous zinc oxide templates, which were removed after polymer-
ization to yield a microchannel-containing hydrogel.[89] The zinc oxide templates
were provided by M. Sc. Margarethe Hauck from the group of Prof. Dr. Rainer
Adelung at Kiel University. These sacrificial scaffolds had a cylindrical shape with
both diameter and height of 6 mm and consisted of sintered tetrapodal shaped zinc
oxide (t-ZnO) microparticles, which were prepared by flame transport synthesis, as
described in other studies.[137] The templates were fabricated with densities of 0.2,
0.3, 0.4 and 0.6 g cm™3 by compressing the appropriate amount of microparticles
into a steel mold, removal of the compressed template and subsequent sintering at
1150 °C for 5 hours. These densities can be calculated into a template porosity
P according to Equation (3.1 where V7,0 is the volume occupied by zinc oxide
microparticles and Viempiare is the total volume of the porous template. The den-
sities of zinc oxide microparticles and template are denoted as pzno and premplate,
respectively.|138] The template porosities used in this work are summarized in Ta-
ble and are directly related to the final microchannel densities of the hydrogels.
After infiltration of the hydrogel solution, the filled templates were left at room
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H Ptemplate / g Cm_3 ‘ PZnO / g Cm_3 ‘ P / VOI% H

0.2 5.61 3.6
0.3 5.61 5.3
0.4 5.61 7.1
0.6 5.61 10.7

Table 3.2: Zinc oxide template porosities are listed, based on the various template
densities used in the experiments. The porosities were calculated accord-
ing to equation .

temperature for 6 hours to polymerize. Subsequently the zinc oxide was dissolved
by immersing the samples in 0.5 M hydrochloric acid for at least 24 hours, yielding
hydrogels with hollow microchannels. Finally, the acid was removed and replaced
with MilliQ water by exchanging the water regularly over 5 days before the samples
were used for further experiments.

V n empliate
p— 20 100y = Premplate 1400 (3.1)
‘/template PzZnO

3.1.3 Microstructural Analysis by Scanning Electron
Microscopy

The presence of hollow microchannels in the prepared microengineered PNIPAM hy-
drogels was verified by SEM imaging, which was kindly done by Dr. Irene Wacker
from the group of Prof. Dr. Rasmus R. Schroder at BioQuant, Heidelberg Univer-
sity. Imaging of highly hydrated materials, such as biological samples or hydrogels,
via high-vacuum electron microscopy, requires removal of water and hence special
sample preparation before imaging. While conventional methods, such as freeze
drying, are prone to induce artifacts, e.g., by large pore formation due to ice crys-
tal growth during the freezing process, alternative approaches need to be used to
dry the specimens.|[139] Here, small pieces of equilibrated PNIPAM hydrogel were
treated with 5 % tannic acid overnight and washed with deionized water. Subse-
quently incubation in an aqueous solution of osmium tetraoxide (OsOy4)) was done for
4 hours to stain the material and combat charging effects from the electron beam.
To expose inner surfaces, the pretreated samples were cut open with a scalpel, air
dried, and mounted on aluminum sample holders using silver paint. A Crossbeam
540 (Carl Zeiss Microscopy, Oberkochen) was used at 1.5 keV primary energy and
175 pA beam current, to record images of both bulk and microengineered PNIPAM
hydrogels.
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Figure 3.1: Scanning electron microscope images of tetrapodal shaped zinc oxide mi-
croparticles (A), bulk PNIPAM (B), and microchannel-containing PNI-
PAM in various magnifications (C-F) are depicted. The zinc oxide mi-
croparticles have a characteristic morphology, which includes four conical
shaped legs of 2-3 nm average diameter (A). Inner surfaces of bulk PNI-
PAM appear featureless and smooth, without any traces of microchan-
nels (B), while microengineered PNIPAM displays hollow cavities, resem-
bling the characteristic shape of dissolved zinc oxide tetrapods (C-F). At
high magnification (E), wrinkled features in the microchannel walls be-
come visible, which are replicated from the tetrapod legs (cf. red circles).
Reprinted with permission. Copyright 2021, Wiley-VCH GmbH.
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The morphology of tetrapodal zinc oxide (t-ZnO) microparticles is depicted in
Figure A, which was kindly provided by Dr. Fabian Schiitt from the group
of Prof. Dr. Rainer Adelung at Kiel University. These particles have four conical
shaped legs with an average leg diameter of 2-3 pm and hexagonal cross-sections.[141]
As a reference, the bulk PNIPAM inner surface was imaged (Figure B) and
found to be featureless and smooth without any microchannels. The microengi-
neered PNIPAM surfaces, in contrast, display hollow channels (Figure C-E),
which resemble the characteristic shape of the dissolved zinc oxide tetrapods. At
high magnifications (Figure E), even the typical wrinkled surface features repli-
cated from the tetrapod legs become visible.[142] These results indicate a successful
integration of a microchannel network into the hydrogels by the sacrificial template-
based method. Due to potential differences in channel diameters of the hydrated
hydrogels in comparison to the dried samples, a quantitative analysis of microchan-
nel sizes was not possible. However, the interconnectivity and morphology of these
channels in the swollen hydrogel state have been investigated by a former colleague
of the group using X-ray microtomography and show high interconnectivity.[89)

3.1.4 Temperature-Induced Shrinking and Swelling
Characteristics

The response of the various bulk and channel PNIPAM hydrogel samples to temper-
ature changes was investigated in swell tests above and below the LCST of 32 °C.
Each sample was exposed to water at 42 °C for 10 minutes, while the sample weight
was recorded for each minute by taking out the sample, removing excess water with
a prewetted tissue and weighing the sample on an analytical balance (Kern, d = 0.1
mg). Subsequently, the experiment was continued in the same manner in water at
22 °C.

As a hypothesis, the microengineered channel PNIPAM was expected to exhibit
enhanced shrinking and swelling characteristics compared to the conventional bulk
material. Figure summarizes each material’s response to temperature change.
In Figure A individual sample weights are normalized to the initial equilibrated
weight at 22 °C and depicted as a function of time and temperature. During the first
10 minutes of exposure to 42 °C all hydrogel samples decrease in weight, whereas
subsequent exposure to water at 22 °C causes a weight increase for all samples in the
final 10 minutes. The greatest weight change always occurs during the first minutes
of exposure. This weight change is attributed to a change of water content in the
hydrogels during the thermoresponsive dehydration above the PNIPAM LCST of 32
°C and the swelling below the LCST, as explained in Chapter [2.2.2] The change
in water content, in turn, is directly related to a volume change as depicted in
Figure B, where a comparison between sample weight and sample volume is
depicted. The volume has been calculated from the measured diameter and height
of the sample, assuming a cylindrical sample shape.
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A significant difference between bulk and channel PNIPAM samples can be ob-
served regarding the weight loss at 42 °C. After 10 minutes exposure, the weight
loss of bulk PNIPAM (medium) is 12 % compared to 90 % for channel PNIPAM
(medium). The high weight loss of the microengineered hydrogels can be attributed
to the hollow microchannel network, which provides interconnected pathways for
the water release from the hydrogel matrix. This assumption is supported by the
fact that higher channel densities result in faster material shrinkage, as illustrated in
Figure C. In addition, the crosslink density impacts the temperature response
of both bulk and microengineered PNIPAM. A clear trend of increased shrinkage for
low crosslink concentrations is observed in Figure A, whereas high crosslink
concentrations result in lower shrinkage. This behavior was also observed in other
studies and can be explained by the reduced gel hydrophilicity arising from higher
crosslinker content and the denser polymer network, as compared to lower crosslink
concentrations. [143]

Further, the rate that the gel swells is, in general, slower than the rate the gel
shrinks, and the initial sample weight could not be restored after 10 minutes. How-
ever, recording the hydration of the shrunken samples over a longer period of time
shows complete reswelling, as depicted in Figure D. The different time scales
for shrinking and swelling of the hydrogels and the associated hysteretic behavior are
attributed to hydrogen bond formation between side groups of the PNIPAM chains
after network collapse above the LCST and subsequent delay in chain dissociation
upon reswelling below the LCST.[144]

The experimental results prove that the microengineering approach of incorpo-
rating a microchannel network into PNIPAM hydrogels significantly enhances the
material’s temperature response. In contrast to other methods, which use chemical
modifications of the polymer composition to increase the temperature response, this
strategy solely alters the hydrogel microstructure without changing chemical prop-
erties of the material. Zhang et al. have prepared semi-interpenetrating polymer
networks of poly(vinyl alcohol) (PVA) and PNIPAM and observed similar shrinkage
enhancements of 95 % water retention due to the increased hydrophilicity of PVA. In
addition, they observed a comparable retardation upon reswelling. However, compo-
sitions of 50/50 w/w of PVA and NIPAM were necessary to achieve this result.[145]
The microengineering approach used in this work yielded hydrogels that shrink by
90 %, which is a 7.5-fold increase compared to the bulk material, by only replacing
5 % of bulk sample volume with microchannels. This enhanced actuation during
shrinkage makes the channel PNIPAM hydrogels interesting material candidates for
soft actuators, where large deformations in short times are desired. A limitation re-
mains the slow swelling speed, which compromises fast actuation and needs further
improvements. Presumably, the microchannel network collapses during hydrogel
dehydration above the LCST and thus cannot provide an efficient inflow of water
during swelling below the LCST, until the channels are slowly restored. It is re-
ported that filler-stabilized pores can be incorporated into nanocomposite PNIPAM
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Figure 3.2: Response characteristics of thermally induced shrinking and swelling of
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both bulk and channel PNIPAM are depicted. Dotted lines serve as a
guidance for the eye. (A) Normalized weights (with respect to the ini-
tial, equilibrated sample weight at 22 °C) are presented as a function of
temperature and time. A significant increase in weight loss and weight
reduction speed is observed for the microchannel-containing hydrogels,
as compared to the bulk material. Variations in crosslinker concentra-
tion induce slight changes in the material’s shrinking behavior, where
lowly crosslinked gels exhibit higher weight losses as compared to highly
crosslinked gels. N = 3. (B) Normalized weight and normalized vol-
ume of a channel PNIPAM sample are depicted as function of temper-
ature and time. The data shows that both quantities are in consent,
and verifies weight measurements as a representative indicator for (vol-
ume) shrinkage. Inset images show the measured sample in swollen and
shrunken state, respectively. (C) Normalized weights of bulk (0 vol%
channels) and channel PNIPAM (4 - 11 vol%) are presented as a func-
tion of time during sample exposure to 42 °C. An increase in channel
density results in increased shrinkage and shrinking speed. N = 3. (D)
Reswelling of an initially shrunken channel PNIPAM sample is repre-
sented by the plotted normalized sample weight as a function of time.
The swelling speed is highest in the first minutes of exposure to 22 °C and
decreases as time passes. The initial sample weight is restored withing
24 hours. Reprinted with permission.|140] Copyright 2021, Wiley-VCH
GmbH.
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hydrogels to mitigate faster reswelling after pore collapse during dehydration.|146]
This approach might overcome the previously mentioned limitations.

In addition to a high stimuli response, repeatability is another important prop-
erty of actuators, which are required to perform in many actuation cycles and with
low fatigue. Therefore, the microengineered PNIPAM hydrogel was tested for cyclic
shrinking and reswelling. In each cycle, the sample weight was determined after
equilibration for 24 hours in water at 22 °C. Subsequently, the material was dehy-
drated in water at 42 °C for 10 minutes and weighed again. This procedure was
repeated for a total of 10 cycles. The results are displayed in Figure [3.3] where the
normalized sample weight is plotted as a function of temperature and cycle num-
ber. For 42 °C the sample weights are about 20 % of the initial weight and show
very little deviation, which indicates good repeatability and high reproducibility of
thermoresponsive shrinkage. Deviations in the restored initial weights at 22 °C are
visible and may be caused by slightly varying temperatures in the lab for each cycle.
However, on average, the initial weights were restored within 10 cycles, and there is
no significant tendency of fatigue, highlighting the material’s potential for repeated
actuations.
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Figure 3.3: Thermally induced shrinking and swelling of channel PNIPAM is de-
picted for 10 consecutive cycles by means of normalized sample weight.
In the shrunken state at 42 °C, small deviations within different cycles
indicate a good reproducibility of actuation. In the rehydrated state at
22 °C the deviations of sample weight within the cycles are larger, which
is probably due to changing temperatures in the lab at different days.
However, the average restored sample weights remain constant over 10
cycles and there is no observation of fatigue within the limits of the ex-
periment. Presented data points are average values of a total of three
samples and standard deviations are represented by error bars.
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3.1.5 Swelling Ratios of Bulk and Microengineered
PNIPAM Hydrogels

The overall capacity of water uptake in a hydrogel can be determined by the swelling
ratio SR, which is a unitless number that indicates for a certain temperature how
much water is stored in the polymer matrix relative to its dry weight. For hydro-
gels this number usually is > 1, which means that the material can store water
up to multiples of its dry weight.|147] To compare swelling ratios of bulk and mi-
croengineered PNIPAM hydrogels, all samples were placed in water at a certain
temperature for 24 hours to reach equilibrium and weighed afterwards on an ana-
lytical balance (Kern, d = 0.1 mg) after removing excess water with a prewetted
tissue. The swelling ratios were calculated according to Equation where Wy,
and wg,, denote the hydrated sample weight and the dry polymer weight, and are
depicted in Figure [3.4

Wapet — W
SR =Yt v (3.2)
Wy
A = PNIPAM (soft) B L = channel PNIPAM (soft)
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Figure 3.4: Swelling ratios of bulk (A) and channel PNIPAM (B) are presented as
a function of temperature and varying crosslinker concentration. All
swelling ratios decrease with increasing temperature, where the highest
decay is around the LCST of 32 °C for both materials. Channel PNI-
PAM has slightly higher swelling ratios below 32 °C and lower swelling
ratios above 32 °C, as compared to bulk PNIPAM. This indicates a
higher overall shrinkage for the microengineered material during ther-
mal stimulation, especially in case of the soft PNIPAM. Both materials
show a similar systematic trend of decreasing swelling ratios with increas-
ing crosslinker concentration. N = 3. Reprinted with permission.|[140]
Copyright 2021, Wiley-VCH GmbH.
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All swelling ratios decrease with increasing temperature for both bulk and mi-
croengineered hydrogels and the highest decay is around the LCST of 32 °C. The
reduced water content for higher temperatures is explained by a change of the ma-
terial’s hydrophilic interactions with water molecules below the LCST to hydropho-
bic interactions above the LCST. When comparing the different materials, slightly
higher swelling ratios are observed for the microengineered PNIPAM hydrogels be-
low the LCST, whereas the bulk PNIPAM hydrogel has higher swelling ratios above
the LCST. It is assumed that below 32 °C the microchannels are filled with water,
resulting in higher swelling ratios compared to the bulk material and that above
32 °C the water release from bulk PNIPAM is restricted due to the absence of mi-
crochannels. Other studies have reported that PNIPAM hydrogels form a dense
skin layer upon dehydration above the LCST, which limits water release.|130] This
effect is mitigated by the microchannel network, which promotes the outflow of
water from the microengineered hydrogels, resulting in comparatively low swelling
ratios above 32 °C. Both materials show a similar systematic trend of decreasing
swelling ratios with increasing crosslinker concentration, which was also observed in
the shrinking and swelling experiment discussed in Section [3.1.4] High crosslinker
concentrations yield hydrogels with smaller pores in the polymer matrix and shorter
PNIPAM chains between crosslinks, which in turn have a fewer number of free hy-
dratable NIPAM side chains, as compared to longer chains and larger pores in the
case of a low crosslinker concentration.[143] Therefore, lower crosslink concentrations
will result in higher swelling ratios. The highest swelling ratio of 21.2 was recorded
for the channel PNIPAM soft at 23 °C, which means that the material can store 21.2
times the weight of water compared to the polymer weight. In addition, the same
material also exhibits the lowest swelling ratio of 0.8 at 45 °C, which indicates that
this hydrogel undergoes the largest volume change during dehydration from 23 °C
to 45 °C, thus makes it an interesting candidate for soft actuator applications. The
results depicted in Figure [3.4] are in agreement with other work done by Depa et
al., who investigated the swelling ratios of nanocomposite PNIPAM hydrogels.[146]

Concluding the discussed experimental results, the microengineered PNIPAM hy-
drogels exhibit comparatively high changes in swelling ratio below and above the
LCST, which corresponds to distinct volume changes desirable for the design of actu-
ators in soft robotics. In particular, the soft PNIPAM hydrogel displayed the highest
change in swelling ratios above and below the LCST as a result of the microchannel
network.

3.1.6 Mechanical Material Properties

In addition to the shrinking and swelling characteristics, the mechanical material
properties also play an important role for soft actuators applications, since large
deformations and high cycle times are required for efficient, long-lasting actuators.
Hence, cyclic compression tests were performed using a universal test machine (2.5
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kN Zwicki, Zwick/Roell, Ulm) to determine the material’s elastic compressive mod-
ulus and reversibility of deformation. The machine was set up with a 5 N load cell
and a home made cylindrical steel stamp of 15 mm diameter. Prior to testing, the
sample dimensions were measured with a caliper (d = 0.01 mm). Each sample was
compressed to a maximum strain of 10 % and relaxed to an initial load of 10 mN
in 10 consecutive cycles at a constant speed of 5 mm s~!. To prevent the hydrogels
from drying out, the experiment was performed in a beaker of water, as depicted in
Figure A. The recorded force-displacement curves were calculated into stress-
strain curves by using Equation and for the engineering stress and strain,
respectively, and are depicted in Figure A and B. Here, 0 and € denote stress
and strain, F' the force, Ag and Lg the initial sample cross-section area and length
and AL the change in sample length during the measurement.

F

Ueng = A_O (33)
AL

Eeng = L_O (34)

A slight hysteresis can be observed for all material compositions, indicating that
the unloading curves differ from the loading curves. This is explained by the vis-
coelastic nature of the hydrogels.[148] Furthermore, the initial loading curve of each
sample differs significantly from the consecutive cycles and a small drift towards
lower stress values can be noticed within the 10 cycles. It is assumed that during
the compression small amounts of water are squeezed out of the hydrogels reach-
ing an equilibrium after several cycles, which can explain both effects and is most
distinct in the first cycle. A clear tendency of decreasing compressive stress is ob-
served for decreasing crosslinker concentrations for both bulk and microengineered
PNIPAM hydrogels. To compare the two materials quantitatively, the elastic com-
pressive modulus E of each sample composition was calculated from the slope of
each loading curve according to Equation [3.5] by a linear fit up to 5 % strain.

_ ol (3.5)

€

In Figure C, these values are depicted for microchannel-containing PNTPAM
as a function of cycle number. Neglecting the initial cycle, the compressive elastic
modulus remains constant over the residual consecutive cycles, and the average val-
ues of cycle 2 to 10 were calculated for each sample composition and shown in Figure
D. It can be observed that for higher crosslinker concentrations the elastic com-
pressive modulus increases from 12.6 kPa for channel PNIPAM soft to 38.1 kPa for
channel PNIPAM hard. This is due to a more rigid and denser polymer network as
compared to the fewer crosslinks in the soft materials as well as less water in the
hard materials, due to the lower hydrophilicity of the crosslinker. However, bulk and
microengineered PNIPAM hydrogels exhibit no significant differences regarding the
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Figure 3.5: Mechanical material properties, including stress-strain curves and elas-

tic modulus are summarized for bulk and channel PNIPAM hydrogels.
Representative stress-strain curves up to 10 % compression in ten con-
secutive cycles are depicted for three different crosslinker concentrations,
for bulk (A) and channel PNIPAM (B). Both materials exhibit similar
stress-strain-behavior, including a slight hysteresis, which is due to the
viscoelastic nature of the hydrogels. A decrease in compressive stress
is observed for decreasing crosslinker concentrations. (C) Elastic com-
pressive modulus values of channel PNIPAM as a function of consecu-
tive cycle number are plotted. Neglecting the initial cycle, the elastic
modulus remains constant over the residual cycles, which indicates a
reproducible deformation. Higher crosslink concentrations result in a
higher elastic modulus as compared to lower crosslink concentrations.
(D) Comparing bulk and channel PNIPAM, no significant differences in
elastic modulus, with respect to the various crosslinker concentrations,
are observed. This observation indicates, that the microchannels do not
affect the mechanical properties of the hydrogel much. N = 3. Reprinted
with permission.[140] Copyright 2021, Wiley-VCH GmbH.
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compressive elastic modulus and stress-strain-correlation, which indicates that the
microchannels do not affect the mechanical properties of the material much. This
result is remarkable, since other studies have observed a reduction in mechanical
stiffness of porous polymeric materials compared to the bulk materials.[149] The
comparably low porosity of 5 vol% microchannels in the microengineered hydrogel
as well as the incompressibility of water in the channels are considered the primary
reasons for the unchanged mechanical stiffness. The determined range of elastic
compressive modulus is in agreement with the work of Haq et al., who found val-
ues between 4 kPa and 81 kPa upon reviewing the mechanical properties of native
PNIPAM hydrogels.[70]

Further experiments of repeated deformation were carried out over 100 cycles of
compression to investigate the fatigue behavior of the microengineered PNIPAM.
Here, the same experimental parameters as described above were used. The cor-
responding stress-strain curve in Figure A displays reproducible deformation
after the drift reaches equilibrium within a few cycles. The calculated elastic com-
pressive modulus is plotted as a function of cycle number in Figure B. A
constant value of about 31.7 4+ 0.2 kPa can be determined, neglecting the variations
in the first few cycles, which indicates no significant fatigue within the limits of
the experiment. This further highlights the suitability of microengineered PNIPAM
hydrogel in designing soft actuators with long lasting performance.

A 40 channel PNIPAM (medium) 3?40 ®  channel PNIPAM (medium)
3.5+ 100 cycles a
=,
3.0+ 9 351
T25- 3
< 2 W
@ 2.0+ - 30+
2151 % =
g 8
1.0 o 25+
0.5 3
)
0.0 T T T T T 20 T T T T
0 2 4 6 8 10 12 0 20 40 60 80 100
strain [%] # cycle

Figure 3.6: Repeated compressive deformation of a channel PNIPAM sample is pre-
sented for 100 cycles. (A) After an initial drift, the stress-strain curves
approach a steady state within a few cycles, indicating a reproducible
cyclic deformation of the microengineered hydrogel. (B) Elastic com-
pressive modulus values are plotted as a function of corresponding de-
formation cycle. The values remain constant after a few initial cycles,
and no significant fatigue is observed within the limits of the experiment,
highlighting the material’s capability for soft actuation.
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3.1.7 Stroke Forces and Application in an Actuation Setup

Another important characteristic of a stimuli-responsive hydrogel in a soft actuator is
the ability to generate a stroke force upon swelling, similar to how a piston is moved
in a cylinder of a combustion motor by expanding gas. Hence, the compression
test procedure was slightly modified to measure the forces exerted by bulk and
microengineered hydrogels during swelling. First, the samples were shrunken in
water at 42 °C for 10 minutes before they were clamped between the bottom of a
glass beaker and the steel stamp with an initial load of 10 mN. Subsequently, the
beaker was filled with water at 22 °C and, while the stamp kept its position, the
force was recorded as a function of time during hydrogel swelling. The procedure
and results are depicted in Figure [3.7]

For all sample compositions, an increasing force is generated over time due to the
volume increase during swelling. In the first minutes, the force increase is highest
and gradually approaches a saturation. However, the channel-containing samples
exert significantly higher stroke forces as compared to the bulk material. While
after 60 minutes bulk PNIPAM only reaches a negligible maximum force of about
15 mN, PNIPAM containing 4 vol% of microchannels reaches the highest recorded
stroke force of 125 mN. This is explained by the enhanced shrinking and swelling
characteristics of the microengineered hydrogels compared to the bulk material, as
discussed in Section Interestingly, the stroke forces decrease with increasing
microchannel density, which is believed to result from a lower resistance to compres-
sive pressure for increased porosities.[150] From this experiment, it can be concluded
that integration of only 4 vol% microchannels into PNIPAM hydrogels can increase
the stroke force upon swelling by a factor of 8.3, which promises superior perfor-
mance in an actuation setup compared to conventional bulk PNIPAM hydrogels. To
illustrate this capability, a temperature-controlled gripper was developed and tested.
Microengineered PNIPAM containing 5 vol% of microchannels, in combination with
the highest crosslinker concentration used in this study, was chosen as actuating
material due to an optimum trade-off between high stroke forces and mechanical
stability, and compared with bulk PNIPAM for reference. The gripper consists of
two fingers, which were fabricated from poly(lactic acid) (PLA)) using an extrusion
based 3D printer (Pro2, Raise 3D, California, USA). The gripper fingers are con-
nected via a freely moving joint and the cylindrical shaped hydrogels were glued to
the gripper using two component epoxy resin (UHU Endfest). Upon cyclic exposure
to temperatures above and below 32 °C, the hydrogels respond by contraction and
expansion and actuate the gripper to close or open, respectively. All experiments
were performed in water at 22 °C or 42 °C, and a small piece of sponge was used to
be squeezed by the gripper.

The results are summarized in Figure Due to the comparably small shrink-
age and the low stroke forces exerted by bulk PNIPAM, closing the gripper could
not be achieved, while the microengineered hydrogel induced a significant contrac-
tion and even managed to squeeze the sponge. Repeatable actuation of the gripper
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Figure 3.7: The capability of generating stroke forces upon swelling is depicted for
bulk and channel PNIPAM hydrogels. A schematic representation (A)
and a photograph (B) of the experimental setup are illustrated. (C)
Generated stroke forces, resulting from the swelling of hydrogel samples
between force sensor and substrate, are plotted as a function of time.
Bulk PNIPAM displays comparably low stroke forces, as compared to
channel PNIPAM, which generates multiple times higher forces upon
swelling. For the range of channel densities tested, a decrease in stroke
force generation is observed with increasing channel density. Force curves
are averaged from three tested identical samples per material composi-
tion and light-colored areas represent error bar ranges. Reprinted with

permission. || Copyright 2021, Wiley-VCH GmbH.

was demonstrated for 10 cycles without observation of any impairment of the grip-
per function, which highlights the reversible actuation capabilities of the hydrogel.
A limitation remains the slow swelling of the PNIPAM and opening of the grip-
per, which takes several hours compared to only a few minutes for shrinking and
closing. Still, it can be anticipated that such actuators are useful for infrequent
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actuations, such as in sensing and monitoring[151][152], or in situations where au-
tonomous recognition of environmental changes is required, such as the warming of
an aqueous surrounding.

SR \vithout channels B
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Figure 3.8: Images of a thermally controlled soft gripper are presented, demonstrat-
ing the PNIPAM hydrogel’s performance in an actuation setup. The
location of the actuating hydrogels is indicated by red arrows. (A) Due
to its comparatively low shrinkage, bulk PNIPAM is not capable of signif-
icantly closing the gripper. (B) In contrast, the microengineered channel
PNIPAM causes a closure of the gripper upon thermal stimulation, and
a piece of sponge is squeezed eventually. (C) Extracts of a series of ten
consecutive actuation cycles of the soft gripper, driven by channel PNI-
PAM, are illustrated. Reprinted with permission.[140] Copyright 2021,
Wiley-VCH GmbH.
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3.1.8 PNIPAM Bilayer Soft Robots

While in the previous section actuation resulted from an isotropic deformation of
the cylindrical shaped hydrogel, more complex motions, such as hydrogel bending,
can be achieved by anisotropic material shrinkage and swelling. Here, the concept
of bilayer actuators was exploited, which is based on combining two layers of hydro-
gels that shrink and swell to a different degree.[153] Upon stimulation, the bilayer
structure eventually bends into the direction of the layer with higher shrinkage. By
applying this concept, two thermoresponsive soft robots were fabricated, as illus-
trated in Figure [3.9] First, a mold made of PTFE was half filled with PNIPAM
hard hydrogel precursor according to the composition listed in Table After
polymerization, a second layer of PNIPAM soft precursor was cast and polymerized
onto the first layer by filling the mold completely. Both layers covalently attached to
each other, and the bilayer structure could be removed from the mold and washed
with deionized water to remove unreacted molecules.
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Figure 3.9: Fabrication of soft actuators based on PNIPAM hydrogel bilayers is il-
lustrated schematically. Two hydrogel precursor solutions with differ-
ent crosslinker concentrations are sequentially filled and polymerized in
molds. Depending on the mold geometry, the final hydrogel bilayer per-
forms gripping or crawling functions upon cyclic thermal stimulation.

ripper

walker

The performance of the soft gripper was tested by placing it with the soft PNI-
PAM layer facing upwards into a beaker filled with water. The temperature was
controlled by a Peltier-element and a magnetic ball stirrer was placed into the cen-
ter of the gripper as a test cargo to be captured. A series of pictures was taken
with a camera during the actuation cycle and is illustrated in Figure After
15 minutes of heating, the gripper closes and captures the ball stirrer, which could
be lifted without detaching from the gripper. Subsequently, the cargo was released
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after 25 minutes of cooling. The anisotropic shape morphing allows for the design of
actuators that purely consist of hydrogel in contrast to the previously presented grip-
per, where the isotropic responsive hydrogel actuated a rigid gripper. For sensitive
cargo, such as living organisms, this is especially relevant due to the risk of harming
the cargo. Sinatra et al. have developed a soft gripper made of a silicone matrix,
which is actuated pneumatically, and demonstrated catching and releasing a living
jellyfish.[154] However, the pressurized control of this gripper requires attachment
to cables and a pump for controlling the flow of air in and out of the system. This
attachment restricts the grippers mobility. In contrast, the soft PNIPAM gripper
presented in this work can be controlled remotely and even autonomously, when
powered by environmental temperature changes. Concepts of introducing light as
a stimulus for PNIPAM hydrogels have been employed by several researchers and
could further increase the functionality of such PNIPAM grippers.[155] [156]
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Figure 3.10: A series of sequential images, displaying the performance of a PNIPAM
bilayer soft gripper, is depicted. During heating, the gripper closes and
captures a PTFE stirring ball, which gets released again after cooling.

Performance of the soft walker was demonstrated by cyclic heating and cooling of
the hydrogel bilayer inside a home-built reservoir with a sawtooth shaped aluminum
bottom to transfer heat from the Peltier-element into the reservoir and to allow for
directional movement of the walker. Figure summarizes the results in a series
of pictures taken during actuation.

Upon heating, the less crosslinked PNIPAM bottom layer shrinks more compared
to the top PNIPAM layer with higher crosslink concentration, causing the bilayer
hydrogel to bend. Upon cooling, the hydrogel layers swell to the initial shape and the
walker straightens. Friction between the hydrogel and the aluminum base is different
at the front and back end of the hydrogel structure due to the sawtooth patterned
surface. This results in unidirectional movement of the soft walker upon cyclic heat-
ing and cooling. However, the movement speed of about 50 minutes for a single step
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is comparatively low and needs improvement for practical use. Here, microstructural
modifications of the material as well as miniaturization of the walker dimensions
are believed to increase walking speed. Lee et al. exhibited significantly enhanced
light-induced volume shrinkage and rapid recovery of comb-type PNIPAM hydrogels
and photo-thermal magnetite nanoparticles, where a single step took about 2 min-
utes. Here, several chemical reaction steps were required, including synthesis of
PNIPAM macromonomers, subsequent functionalization to yield vinyl end groups,
and crosslinking of the functionalized macromonomers in the presence of magnetite
nanoparticles into a composite, graft PNIPAM hydrogel. In contrast to the facile
preparation explained in this thesis, the graft PNIPAM hydrogel matrix contains
a certain fraction of free mobile chains that promote conformational change upon
thermally induced phase transition.

= 60 min |Heating 70 min [Cooling

Figure 3.11: A series of sequential images, displaying the performance of a PNIPAM
bilayer soft walker, is depicted. During heating, the walker curves and
contracts, while upon cooling, it straightens out to its initial shape. A
sawtooth shaped subsurface allows for a step-wise directional movement
of the walker.
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3.1.9 Conclusion and Perspective

In this chapter, a novel microengineering approach was introduced for the fabrication
of highly responsive macroscopic PNIPAM hydrogels. Furthermore, a systematic
characterization and comparison with conventional bulk PNIPAM hydrogels regard-
ing microstructural morphology, thermoresponsive shrinking and swelling kinetics,
mechanical material properties, and implementation into a soft robotic actuation
setup was carried out. The microengineered material exhibits superior qualities
over the bulk hydrogels, such as a highly increased response to temperature, higher
stroke forces and the capability of untethered autonomous actuation controlled by
temperature. The facile sample preparation allows for adjusting responsivity by
controlling the microchannel density as well as tailoring mechanical properties by
regulating the amount of crosslinker during polymerization. Despite this flexibility,
the method is purely based on the removal of minor amounts of material rather
than chemical modification of the polymer matrix, which is a common approach to
achieve similar actuation enhancements.[145] In general, this method can also be
applied to other hydrogels as well as for the fabrication of composites by infiltrating
the zinc oxide templates with nanoparticles before casting the hydrogel solution.[89)

Taken together, the strategy described in this chapter provides a method for
developing macroscopic thermoresponsive soft actuators that can be implemented
into a variety of robotic setups in aqueous environments, such as capturing marine
objects or sensing and monitoring temperature. Current limitations include the
miniaturization of these actuators and realization of complex geometries, due to the
restricted sizes and shapes of the sacrificial zinc oxide templates. In general, the
method can also be transferred to other sacrificial templates, such as electrospun
materials to overcome miniaturization limits. Furthermore, the response times are
in the range of several minutes for contraction and hours for the expansion of the
actuators. Therefore, the material is not suitable for applications where high speeds
are required. As a perspective, future improvements to microchannel stability could
possibly avoid the collapse of the channel network during dehydration and thus
speed up swelling and expansion of the hydrogel.

Based on the findings in this chapter, stating that structural features, such as
microchannels, influence the water transport of hydrogels and thus their responsive-
ness, the following chapter deals more intensively with the investigation of actuation
properties of PNIPAM microstructures.
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3.2 Increasing the Efficiency of Thermoresponsive
Actuation at the Microscale by Two-Photon
Laser Printing of PNIPAM

Partial results of the presented work have been published in:

e Spratte, T. Geiger, S., Colombo, F., Mishra, A., Taale, M., Hsu, L.-Y.,
Blasco, E., Selhuber-Unkel, C., Increasing the Efficiency of Thermoresponsive
Actuation at the Microscale by Direct Laser Writing of PNIPAM. Adv. Mater.
Technol. 2023, 8, 2200714. https://doi.org/10.1002/admt.202200714

3.2.1 Introduction

In Chapter the thermally induced shrinkage of microchannel-containing PNI-
PAM hydrogels was found to be significantly higher and faster compared to bulk
hydrogels. One potential explanation is that a high surface area as well as an
interconnected network of pathways facilitates water release from the gel upon de-
hydration above the LCST.[140] Hence, a subsequent hypothesis arose, whether
miniaturization of the actuators, and especially varying geometries and surface-to-
volume ratios at the microscale, will exhibit similar changes in the shrinking and
swelling dynamics. Here, I introduce a two-photon 3D laser printing approach to
fabricate thermoresponsive PNIPAM microactuators with high resolution in the low
micrometer range and characterize their actuation capabilities.

First, the fabrication process of the PNIPAM microactuators is described in de-
tail (Section and the printing accuracy for different micropillar geometries is
analyzed by scanning electron microscopy (Section . Subsequently the ther-
moresponsive hydrogel properties are investigated thoroughly (Section as a
function of fabrication parameters and micropillar geometry as well as the material’s
surface stiffness (Section [3.2.5)). Finally, the printed PNIPAM microactuators are
implemented in a microfluidic application setup (Section [3.2.6]).

While conventional fabrication methods such as soft lithography or template-
assisted approaches often lack sufficient resolution in the low micrometer range as
well as limitations to 2.5D geometries, direct laser writing can overcome these restric-
tions.[158] Specifically, two-photon laser printing enables the manufacturing of mi-
crostructures with complex 3D geometries at high resolution in the sub-micrometer
range.|159] Furthermore, it is possible to print and combine several materials and
to use different types of substrates.[160] Recently this fabrication method was used
to develop 4D microstructures, which can be stimulated by temperature and light
to change their shape over time.[24]

In the following chapters, I will demonstrate the use of 3D laser printing to tailor
the actuation properties of PNIPAM microstructures and provide characterization
methods to study the microactuator properties.
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3.2.2 Fabrication of PNIPAM Hydrogel Microstructures via
Two-Photon Laser Printing

All PNIPAM and PAM hydrogel microstructures were fabricated via two-photon
polymerization (2PP]) using a nanoscribe PPGT2 (Nanoscribe GmbH & Co. KG,
Eggenstein-Leopoldshafen, Germany) two-photon 3D laser printer in a clean room
(Class ISO 7) under yellow light conditions. First a hydrogel resin was prepared
based on the work of M. Hippler et al., which composition is listed in Table . [119]
All chemicals were purchased from Sigma Aldrich (Taufkirchen, Germany) and used
without further purification if not stated otherwise. Here, N-isopropylacrylamide
(>99 %) and [AM] (>99 %) were used as monomers, N, N'-methylenebis(acrylamide)
(>99 %) as a crosslinker, lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate (LAPI)
(>95 %) as photoinitiator, and acryloxyethyl thiocarbamoyl Rhodamine B (Poly-
sciences) as a fluorescent dye. All components were weighed on an analytical balance
(Kern, d = 0.1 mg) and were added into a glass vial covered with aluminum foil,
to protect the resin from light. The solvent ethylene glycol (Sigma-Aldrich, >99
%) was added by pipetting and the vial was placed into a water bath at 45 °C for
about 1 hour while being magnetically stirred at 500 rpm. After all components
were dissolved and homogeneously mixed, the resin was passed through a syringe
filter (0.2 pm) and transferred into an optically opaque 1.5 ml Eppendorf tube. The
hydrogel resin was stored at room temperature and used for 3D printing within a
maximum of two weeks of shelf time.

The PNIPAM microstructures were printed on silanized borosilicate glass cover-
slips (130-160 pm thickness) to facilitate adhesion. In a first step the substrates
were cleaned in MilliQ water by sonication for 5 minutes before they were im-
mersed in ethanol (99 %) and sonicated for another 5 minutes. Subsequently
the coverslips were dried with a heat gun and functionalized by incubation in 3-
(trimethoxysilyl)propyl methacrylate (15 mM in ethanol) overnight while shaking
at 240 rpm. Afterwards the substrates were rinsed with MilliQQ water and ethanol,
dried with a heat gun and placed in an oven at 80 °C for 2 hours. After cooling,
the functionalized coverslips were stored in a fridge and used for printing within a
maximum of two weeks of shelf time.

3D models of the microstructures to be printed were generated via computer
aided design (CADI) using the software Autodesk Inventor 2019 (Autodesk Inc.)
and imported as STL-files (Stereolithography) into the slicing software Describe
(Nanoscribe GmbH & Co. KG) to prepare the print job. Printing was done in oil
immersion configuration using a 25x, NA = 0.8 (Zeiss) objective and a near infrared
(A = 780 nm) femtosecond pulsed laser. If not stated otherwise all microstructures
were printed at 100 % laser power (power scaling=1), corresponding to 50 mW
power at the backfocal plane, slicing distance of 0.3 pm and hatching distance of
0.2 pm. The scanning speed varied between 10 and 50 mm s to fabricate hydrogel
microstructures with altering degrees of crosslinking. First a ring shaped PDMS
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PNIPAM PAM
Material name | m / mg ‘ V/ul | m/mg ‘ V /ul
NIPAM 400 - - -
AM - - 250 -
BIS 40 - 40 -
LAP 10 - 10 -
Rhodamine B 4 - 4 -
Ethylene glycol - 450 - 450

Table 3.3: Compositions of PNIPAM and PAM hydrogel resins are listed. The resins
are composed of monomers (NIPAM or AM), crosslinker (BIS), photoini-
tiator (LAP), fluorescent dye (Rhodamine B), and solvent (ethylene gly-
col).

spacer was placed into the center of a silanized coverslip and the reservoir was
filled with 60 pl of PNIPAM resin. Subsequently the immersion oil was added to
the backside of the substrate before it was mounted into the printer. The print jobs
were run via the software Nanowrite (Nanoscribe GmbH & Co. KG). After printing,
the samples were developed in 40 mL of deionized water for 10 minutes followed by
1 minute in a fresh beaker of water before they were stored at 22 °C in deionized
water.

3.2.3 Micropillar Shape Analysis

For the various experiments, different micropillar geometries including normal cylin-
ders, hollow cylinders, star-shaped pillars, and cubes were selected and 3D printed
via two-photon polymerization. These geometries differ in their surface-to-volume
ratios and have distinct surface features, which are assumed to have a major in-
fluence on the PNIPAM microactuator properties. To investigate the shape accu-
racy of the printing process, scanning electron microscope images of the samples
were recorded. Since conventional high-vacuum electron imaging techniques require
dry samples, the hydrogel microstructures needed to be treated accordingly before
imaging. Here, critical point drying (CPDI) was chosen, which is a commonly used
preparation method in hydrogel drying.[161]

This method relies on gradually exchanging the water in the hydrogel with a
solvent, such as ethanol, and subsequent removal of the solvent by evaporation at
the critical point. Hereby, the surface tension during evaporation is minimized since
the phase boundary of liquid and gas vanishes and the densities become equal in the
supercritical state.[162] Thus the fragile micropillars maintain their shapes instead
of collapsing due to surface tensions during drying. Finally, the gaseous solvent is
exchanged by carbon dioxide gas to prevent condensation at atmospheric conditions,
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and the dried samples can be used for sputtering. However, slight changes in the
microstructure shapes as well as a certain degree of shrinkage can still occur, which
might result in artifacts in the final recorded images.

In this experiment, the printed hydrogel micropillars were directly developed in
ethanol (99 %) for ten minutes followed by immersion for one minute in fresh ethanol,
to avoid swelling differences during the water-to-ethanol exchange. The samples
were then kept in ethanol and treated by critical point drying using a commercial
device (EM CPD300, Leica Microsystems). After drying, the samples were sputter
coated (Leica EM ACEG600, Leica Microsystems) immediately with a 11 nm layer of
80 % gold and 20 % palladium at a rate of 0.03 nm s~!. Finally, scanning electron
microscope images were recorded using a Zeiss Leo 1530 SEM at an accelerating
voltage of 2 kV and a working distance of 5.2 mm.

For the PNIPAM micropillars displayed in Figure a significant shrinkage is
observed, which is most noticeable at the base, where the hydrogel is attached to
the glass substrate. In addition, the surface of the dried polymer contains holes of
various sizes. Both phenomena might be related to the volume phase transition of
the PNIPAM hydrogel induced during temperature changes in the drying process.
For this reason, non-thermoresponsive PAM micropillars of identical geometry were
fabricated in the same manner and imaged by SEM. These micropillars are believed
to have a similar shape as the PNIPAM actuators, but are less affected from the
temperature profile of the drying process. The images as well as the computer-
designed models are displayed in Figure |3.13

Figure 3.12: Scanning electron microscope images of 3D laser printed PNIPAM mi-
cropillars are displayed. The ideal micropillar geometry of a cylinder
with aspect ratio 2:1 (height:diameter) is sketched (left). Images of
the hydrogel micropillars were recorded in tilted (center) and top view
(right). The micropillar surfaces display holes, which are believed to
result from sample preparation during critical point drying.
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Figure 3.13: Scanning electron microscope images of 3D laser printed PAM micropil-
lars are displayed. Ideal micropillar designs are sketched, including nor-
mal, hollow, and star-shaped cylinders, as well as cubes (top row). The
recorded images of the hydrogel micropillars were recorded in tilted
(center row) and top view (bottom row). While for the simple geome-
tries (normal cylinders, cubes) the printed structures match the ideal
design shape well, deviations are observed for more complex geometries
(hollow and star-shaped cylinders).

For the cylindrical and cube shaped micropillars, a good conformity of the dried
PAM samples and the computer models is observed, while the hollow cylinders and
star-shaped pillars display some deviations from the models in the top region of
the pillars. Nevertheless, the characteristic features such as a hollow interior and
star-like lamellae are clearly visible and match the shape of the models well at the
bottom of the pillars. As previously mentioned, these shape deviations might be
induced by shrinkage from dehydration during critical point drying and seem to be
more prevalent in delicate structures such as thin walls or lamellae. Presumably,
shrinkage of the micropillars at the bottom is restricted by adhesion to the glass
substrate and induces internal mechanical stresses, which gradually relax towards
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the top of the pillars by shrinkage.

Overall, the recorded images confirm the feasibility of two-photon laser printing to
fabricate hydrogel micropillars in the low micrometer range and with defined shapes
of various surface-to-volume ratios.

3.2.4 Thermoresponsive Shrinking and Swelling Properties
as a Function of Microarchitecture

To investigate the influence of surface-to-volume ratio of PNIPAM hydrogel mi-
crostructures on the shrinking and swelling dynamics, confocal 3D images of the
various hydrogels were recorded at 22 °C and 45 °C and compared. The images
were taken with a laser scanning fluorescent microscope (Nikon A1R, Nikon Imag-
ing Center Heidelberg) using a Nikon Plan Fluor 40x objective (NA = 1.3) and a
temperature-controlled chamber (Tokai Hit chamber). The coverslips were mounted
to a home-built observation reservoir, which was filled with water to prevent drying
of the hydrogels. First, all microstructures were imaged at room temperature (22
°C) by recording Z-stacks of 0.8 pm distance between each slice and excitation of
the fluorescent dye by a 561 nm excitation laser. Subsequently the temperature-
controlled chamber was heated to 45 °C and the samples were equilibrated for 15
minutes before further Z-stack images were recorded with the same settings as for
22 °C.

The recorded images were analyzed with ImageJ. To evaluate the hydrogel shrink-
age both a 2D and a 3D comparison of the micropillar cross-sections and volumes,
respectively, was done for both 22 °C and 45 °C. Initially an intensity threshold
was chosen and applied to all raw images to yield binary images. Using the binary
operations Frode, Dilate, Open and Close these images were processed for further
analysis. For the 2D comparison slices in the center of each Z-stack were chosen
for determining the micropillar cross-section areas and perimeters using the mea-
sure particle function. For the 3D comparison the ImageJ Plugin 3D objects counter
was used to determine the surface area and volumes of the Z-stacks. Finally, percent
shrinkage of the micropillars was calculated according to Equation for the 2D
comparison and Equation for the 3D comparison, where A and V refer to the
cross-section areas and volumes of the microstructures for a given temperature.

Ao
Shrinkagesp = (1 — =2€) . 100% (3.6)
22°C
. Visec
Shrinkagesp = (1 — ) - 100% (3.7)
Vagec

The processed images as well as the calculated percent shrinkages are depicted in

Figure and Figure [3.15, where Figure A shows a comparison of the
thermally induced shrinkage of cylindrical micropillars having different diameters,

namely 50 pm, 20 pm, and 10 pm. In addition, micropillars with the same diameter
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2D comparison 3D comparison
A 22°C

size

25 % shrinkage

architecture

33 % shrinkage

Figure 3.14: A comparison of thermoresponsive shrinkage of various PNIPAM mi-
croactuator geometries is displayed, based on confocal fluorescence im-
ages. The shrinkage is calculated in a 2D analysis of micropillar cross-
sections (left) and in a 3D analysis of reconstructed image stacks (right),
before and after thermally induced shrinkage. (A) compares different
sizes of cylindrical micropillars having the same aspect ratio, while (B)
compares various pillar architectures having the same outer dimensions.
Scale bars are 20 pm. Reprinted with permission.|163] Copyright 2022,
Wiley-VCH GmbH.
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Figure 3.15: A comparison of thermoresponsive shrinkage of various PNIPAM mi-
croactuator geometries is displayed. The percentual shrinkage is plot-
ted as a function of perimeter-to-cross-section ratio (A) and surface-to-
volume ratio (B), respectively. The shrinkage increases in both cases
with increasing ratios. Error bars are standard deviations calculated
from nine tested samples each. Reprinted with permission.[163] Copy-
right 2022, Wiley-VCH GmbH.

of 20 pm but different shapes, including normal, hollow, and star-shaped cylinders,
are compared in Figure (3.14] B. All micropillars have the same aspect ratio of
2:1 (height:diameter). A clear tendency of increased shrinkage for micropillars hav-
ing a higher perimeter to cross-section ratio (2D comparison) or surface-to-volume
ratio (3D comparison) can be observed in the graphs in Figure A and B,
respectively. While only very little shrinkage occurs for the 50 pm pillar, the 10
pm pillar having the highest surface-to-volume ratio reduces its volume by 41 + 3
%. This finding supports the previously stated hypothesis that miniaturization and
sample geometry can drastically increase the hydrogel shrinkage. A higher surface-
to-volume ratio facilitates the outflow of water, which means that thinner sample
dimensions result in higher shrinkage.[164] Hence, high resolution fabrication pro-
cesses, such as two-photon laser printing, are highly attractive for adjusting the
responsivity of hydrogel microactuators and improving their actuation capabilities.
Furthermore, the results highlight the potential of hydrogel actuators at the micro
scale, where actuation capabilities are significantly increased compared to macro
scale soft actuators.

To investigate reversibility and the reswelling properties of the shrunken hydrogel,
the micropillars were imaged again at 22 °C after cooling down from 45 °C and the
corresponding cross-section areas and volumes were evaluated. The results are shown
in Figure and indicate that there is no significant difference between the initial
swollen state and the reswollen state after the heating and cooling cycle. This implies
that the 3D printed PNIPAM microactuators can be stimulated reversibly to switch
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between a high and low volume state. Wang et al. have fabricated microstructures of
a composite PNIPAM hydrogel and demonstrated highly reversible switching for at
least 100 cycles without significant fatigue.|165] Furthermore, shrinking and swelling
times of PNIPAM microstructures on the order of milliseconds have been reported,
which means that miniaturization drastically increases the response rates compared
to macro sized samples in the millimeter range observed in Chapter [3.1.4] where
the response times were in the range of minutes to hours.[119] [166]

22°C 45°C 22°C

172 %

2D 2+2 % shrinkage

254 %
3D 3+7 % shrinkage

Figure 3.16: Reversibility of thermally induced shrinkage of cylindrical pNIPAM mi-
croactuators is depicted by means of confocal 2D (top) and 3D (bottom)
images. After cooling down, the initially shrunken hydrogels swell back
to their original volume, without any significant permanent shrinkage.
This result indicates reversibility of cyclic actuation. Scale bars are 20
pm.

While the previously described experiment solely investigated the effect of mi-
cropillar size and shape on the shrinking properties keeping the processing parame-
ters equal for all samples, the following experiment evaluates the influence of chang-
ing the laser dose during printing on hydrogel shrinkage. Here, cube shaped test
structures of 50 pm side length were printed with varying laser scanning speeds of 10
to 50 mm s~! while keeping the laser power constant at 100 % (50 mW at the back-
focal plane). Slower laser scanning speeds locally result in a higher dose of photons
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provided for the polymerization of the hydrogel resin and in turn will yield more
densely crosslinked polymer networks compared to high laser scan speeds. Since
crosslinking degree and shrinkage are correlated, it is expected that the microactu-
ator response can be adjusted by the laser dose. Figure A compares bright
field microscopic images of the printed PNIPAM cubes at 22 °C and 45 °C for the
different laser scan speeds. The shrinkage was determined relative to the diagonal
of the square cross-section. A systematic trend of increasing shrinkage is observed
for increased scan speeds, which is also visible in Figure [3.17] B. The decrease in
crosslink density for higher laser scan speeds also becomes visible in the materials’
transparency, where the PNIPAM cubes printed at 50 mm s~! are more transparent
compared to the ones printed at 10 mm s~!. However, the exact crosslinking de-
gree in the final microstructures remains unknown. These findings are in agreement
with Contreras-Céaceres et al., who observed an increase in shrinking ratio of hollow
PNIPAM hydrogel microparticles for decreased crosslinker concentrations. [167]

It can be concluded from both experiments that controlling both the crosslinking
degree as well as the size and shape of the PNIPAM microactuators by the fabri-
cation process, allows for precise tailoring of the responsivity. Especially combining
high surface-to-volume ratio geometries with a low crosslinking degree yields highly
responsive microactuators that exhibit large volume phase transitions.
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Figure 3.17: Correlation of laser writing speed, crosslinking degree, and thermally
induced shrinkage of PNIPAM microactuators is illustrated. (A) Mi-
croscope images showing PNIPAM microcubes in swollen (top row)
and shrunken (bottom row) state are displayed for various laser writing
speeds. The shrinkage increases for higher writing speeds, which is due
to the reciprocal correlation of writing speed and crosslinking degree.
Scale bars are 50 pm. (B) The percentual shrinkage is plotted as a
function of writing speed and shows a linear correlation in the range of
10 to 50 mm s~ N =7.
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3.2.5 Characterization of Surface Stiffness via
Nanoindentation

The water content of PNIPAM hydrogels strongly depends on the temperature as
well as the crosslinking degree of the polymer network and has a major influence on
the mechanical material properties.|168] Hence, the surface stiffness of the hydrogel
microactuators was investigated in detail by nanoindentation experiments. Here a
commercial nanoindenter (Pavone, Opticsl1Life, Netherlands) was used to analyze
arrays of PNIPAM microcubes, printed at various laser scan speeds ranging from 10
to 50 mm s~!. The nanoindenter was equipped with a precalibrated probe consisting
of a silicon cantilever with a spring constant of & = 0.23 N m~! and a spherical glass
tip of 3 pm radius. For each microcube a square matrix of 3 x 3 indentation points
with lateral distance of 2 pm between each point was investigated in the center of the
cubes. At each position a single indentation up to 500 nm at a constant indentation
speed of 1 pm s~ was performed followed by a holding time of 0.5 s and retraction
at the same speed. All samples were equilibrated in deionized water for at least 24
hours before the measurement and immersed in water during indentation.

First the load-indentation curves were recorded at 22 °C for all samples and subse-
quently at 45 °C by using the temperature-controlled chamber of the nanoindenter.
A schematic sketch of the indentation process as well as a bright field microscope im-
age of a PNIPAM microcube array during indentation are depicted in Figure (3.18
A and B. All indentation curves were analyzed using the software Data Viewer
(V2.5.0, Opticsl1Life) and by applying the Hertzian contact model. First the con-
tact point of all loading curves was found using the software integrated contact fit
function up to 20 % of maximum load. Then, Hertzian fits were applied to each
curve ranging from 0 to 300 nm indentation depth for 22 °C or 0 to 150 nm for 45
°C, respectively. The analyzed experimental data is summarized in Figure (3.19
A to D, where A and B show representative load-indentation curves of PNIPAM
microcubes printed at a medium laser scan speed of 30 mm s~!. At 45 °C much
higher load values are recorded compared to 22 °C for the same indentation depth.
This is explained by the PNIPAM phase transition above 32 °C, where the hydrogel
collapses into a denser and stiffer polymer network compared to the swollen hydrated
state below 32 °C.[70] The effective Young’s modulus E. s was calculated from the
fitted curves according to Equation [3.8] where F' is the load, R is the indenter tip
radius and d;,g4en: is the indentation depth.

3 1
Eepp=7F——5— (3.8)

4 \/E ’ d;ndent

For the PNIPAM microcubes printed at a medium laser scan speed of 30 mm s~
an increase in effective Young’s modulus from 19 4+ 5 kPa at 22 °C to 475 £ 74
kPa at 45 °C is observed, which is again explained by the lower water content and
denser polymer network in the shrunken hydrogel state. Mean values of Young’s

1
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modulus for each microcube array were plotted as a function of laser scan speed for
both temperatures and are depicted in Figure C and D. A direct correlation
between laser scan speed and surface stiffness can be observed, where an increase in
scan speed results in a lower stiffness. This is due to a local decrease in photon dose
for higher laser scan speeds, which provides less energy to initiate polymerization
of the hydrogel resin during the two-photon printing process and finally yields less
crosslinked polymer networks compared to lower scan speeds. Schmidt et al. have
investigated the mechanical properties of PNIPAM microgel films and observed sim-
ilar results, where the elastic modulus changed from less than 100 kPa at 25 °C to
above 600 kPa at 47 °C during the hydrogel phase transition.|169]

A - cantilever B

ndentation matrix

i
sample —>

e

coverslip

Figure 3.18: Surface stiffness characterization of PNIPAM microactuators via
nanoindentation is displayed. (A) The experimental setup is illustrated,
including a cantilever, which indents in a matrix manner into the sam-
ple surface. (B) A representative microscope image during indentation
is depicted, where the cantilever tip position is marked with a red circle.
Reprinted with permission. Copyright 2022, Wiley-VCH GmbH.

In conclusion, the nanoindentation experiments proved that surface stiffness of
the PNIPAM microactuators changes drastically as a function of hydrogel water
content, which in turn depends on external temperature. In addition, a direct cor-
relation between laser scan speed in the 3D printing process and hydrogel surface
stiffness was found, which allows to precisely tailor the mechanical properties of
the microactuators during fabrication. However, other process parameters such as
hatching distance, slicing distance, laser power and even the hydrogel resin compo-
sition can also change these material properties. Taking these factors together, the
two-photon printing process offers many degrees of freedom to adjust the thermore-
sponse as well as the mechanical properties of the PNIPAM microactuators, while
providing sufficient resolution to control the shape of the microstructures.
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Figure 3.19: Results of surface stiffness characterization of various PNIPAM mi-
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croactuators via nanoindentation are summarized. Representative
force-indentation curves are displayed for a PNIPAM microactuator in
the swollen (A) and shrunken state (B). Hertz fits are shown in red and
corresponding Young’s modulus values are displayed in inset boxes. The
modulus increases significantly during shrinkage. For comparison, the
elastic modulus of PNIPAM hydrogel microactuators, printed at vari-
ous writing speeds, is plotted for both swollen (C) and shrunken (D)
state. In both temperature regimes, a decreasing trend of elastic mod-
ulus is observed with increasing writing speeds. Error bars represent
standard deviations calculated from 27 indentations each. Reprinted
with permission.[163] Copyright 2022, Wiley-VCH GmbH.
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3.2.6 Application in Microfluidics

To investigate the applicability of the PNIPAM micropillars in an actuation setting,
several arrays of micropillars were designed and implemented into a microfluidic
application setup. Here, different strategies to manipulate microobjects in flow were
examined, including the possibility of thermal and photo-thermal stimulation of the
PNIPAM microactuators.

In a first experiment, a dense array of PNIPAM micropillars was printed into
a channel of a homemade microfluidic PDMS chip to investigate the potential of
catching and releasing polystyrene microbeads.

For the fabrication of the PDMS chip, which was kindly provided by Dr. Sadaf
Pashapour, a silicon wafer (MicroChemicals, Prime CZ-Si wafer, 2 inch) was spin
coated with SU8 Photoresist (microresist, SU8 3050) for 30 seconds at 3000 rpm
to gain a thin film of approximately 40 pm height. Subsequently, the photoresist
layer was exposed to UV light (365 nm, 350 cm? mJ~!) via a maskless aligner
(nMLA, Heidelberg Instruments), which projected the pattern of the microfluidic
channel design onto the wafer. The photoresist was then developed with mr-dev
600 (microresist) for 10 minutes and washed with isopropanol. The wafer was then
placed into a petri dish and a layer of PDMS (Sylgard 184, 9:1 ratio) was poured
onto it, degassed and cured at 65 °C for two hours. Finally, a block containing the
microstructure was cut off from the wafer and inlet holes for tubing were punched
into the ends of the hollow channel, before the PDMS chip together with a glass
coverslip was activated by oxygen plasma (30 s, 200 mW, 0.5 mbar) and bonded
to each other at 65 °C overnight. A sketch of the microfluidic chip is illustrated in

Figure [3.20]

Figure 3.20: A sketch of the microfluidic PDMS chip, containing a 3D laser printed
PNIPAM microactuator array, is illustrated. The chip is bonded to a
coverslip and can be attached to tubes, for infusing liquids.
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The sealed channel of this substrate was then filled with PNIPAM resin by
injection and used for two-photon laser printing as described in Section [3.2.2]
A medium laser scan speed of 30 mm s~! was chosen to obtain both a distinct
shrinkage while maintaining sufficient mechanical stability. After printing, the non-
polymerized resin was washed out by infusing deionized water.

For the microfluidic experiment, tubes were attached to the inlet and outlet of
the chip and a syringe pump was infusing an aqueous suspension of 2 x 10% ml~!
polystyrene beads (Thermo Fischer, F13838, 15 pm diameter) at a constant flow
rate of 100 pl hr=!. To avoid adhesion between the microbeads and the PNIPAM
micropillars, 1 vol% of Tween-20 surfactant was added to the suspension prior to
infusion. A Peltier-element was used to heat and cool the microfluidic chip and was
controlled by a power supply (I = 1.5 A). Movies of the microbeads in flow were
recorded with a highspeed camera using an AxioVert A1l Zeiss microscope.

In Figure single images of the videos are depicted in a time series to il-
lustrate the performance of the PNIPAM microactuator array for capturing and
releasing the polystyrene beads. At room temperature the gaps between the swollen
hydrogel pillars are small enough to trap the beads, causing them to pile up inside
the micropillar array (see yellow box). Upon heating above 32 °C the microactua-
tors shrink, and the microbeads start flowing through the array again (see colored
circles and arrows). Even though higher flow rates up to 800 ul hr~! and the mov-
ing polystyrene beads did not damage the hydrogel micropillars, air bubbles caused
damage and need to be avoided during mounting of the tubing. This is a possible
explanation why the bottom rows of the pillars are incomplete and misaligned.

The experiment demonstrated the ability of PNIPAM microactuators implemented
in a microfluidic chip to capture and release solid cargo on demand from a suspen-
sion under flow using temperature control. In addition, the two-photon laser printing
approach offers great flexibility regarding the microfluidic chip design and can be
easily applied to other channel geometries. This concept could find utilization in
lab-on-a-chip applications, where several chips having different functions could even
be combined in series or parallel.[170] [171] The fabrication of hydrogel microbeads
for drug release applications, for instance, usually involves microfluidic droplet gen-
eration and screening of various crosslink concentrations or drug loads.[172] [173] In
combination with the PNIPAM array presented in this work, these hydrogel beads
could potentially be captured after polymerization and evaluated optically to quickly
adjust the fabrication on the same chip.

Limitations such as the narrow size range of particles that can be captured by the
array, which is pre-defined by the overall shrinkage of the PNIPAM pillars, and the
array design before printing still remain. On the other hand, the two-photon laser
printing process offers many degrees of freedom regarding the geometry of the array
as well as the number and arrangement of the individual microactuators. Other
studies have used similar pillar arrays made from PDMS in fully elastic microfluidic
chips and stretched these to change gap sizes and sort microobjects by deterministic
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lateral displacement.[174] Here, the implementation into conventional, rigid lab-on-
a-chip platforms remains challenging.

Figure 3.21: Performance of a 3D laser printed PNIPAM microactuator array in-
side a microfluidic chip is illustrated, by a series of microscope im-
ages. Below 32 °C (left), the hydrogel remains swollen and the gaps be-
tween neighboring actuators are small enough to capture (yellow box)
polystyrene beads in flow (yellow arrows). Above 32 °C (right), the
hydrogel actuators shrink and release the captured beads. Colors are
assigned to different beads, which get released (arrows) from their trap-
ping positions (circles).

From the findings obtained by the previously discussed experiment, a more ad-
vanced idea of manipulating, and possibly sorting, the microbeads was developed.
In this experiment, multi-material printing of non-thermoresponsive PAM and ther-
moresponsive PNIPAM micropillars in the same array was explored, to investigate
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whether a single channel can be generated on demand by heating the micropillar
array.

In a first step, a micropillar array model containing one empty row of pillars taking
two rectangular turns was designed and fabricated by two-photon laser printing
of PAM. After this printing step, the residual PAM resin was carefully removed
with a pipette and exchanged by adding PNIPAM resin. Then, the empty row
was filled with PNIPAM micropillars during the second printing step. Finally, the
microstructure was developed and the performance of the micropillar array was
investigated using light microscopy. A sketch of the multi-material model as well as
the experimental results are summarized in Figure (3.22
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Figure 3.22: A multi-material hydrogel microactuator array is depicted, capable of
forming a pre-defined channel upon thermal stimulation. One row of
the array consists of thermoresponsive PNIPAM actuators, which are
printed in a pre-defined channel geometry, while the surrounding actu-
ators are made of non-thermoresponsive PAM. At 22 °C, the PNIPAM
hydrogel is swollen and remains in a similar shape as the PAM micropil-
lars. Upon global heating of the array, only the PNIPAM pillars shrink
and thus form the pre-defined channel (red box).

At 22 °C both the PAM and the PNIPAM micropillars have similar shapes and
there is no channel in place, while after heating at 45 °C the PNIPAM pillars shrink
and thus form the pre-defined channel. Since the PNIPAM phase transition is
reversible, the channel can be opened and closed by cyclic heating and cooling.
Future work could use this principle to sort microobjects by implementing several
channels that lead to different outputs of the array and can be activated locally.

Concepts of local actuation of single PNIPAM hydrogel micropillars have been
explored by photo-thermal stimulation using a femtosecond pulsed 780 nm near
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infrared laser. A substrate containing a square matrix of 3 by 3 micropillars was
placed into the two-photon laser printer, and the in-built laser was focused onto a
single PNIPAM microactuator. The sample was immersed in deionized water using
a homemade PDMS reservoir, to prevent drying of the hydrogel. Switching the laser
on and off in cycles of 5 seconds, the microactuators were stimulated. Figure |3.23
displays microscopic images of the hydrogel pillars before and after illumination with
the laser. The micropillar in focus of the laser is highlighted by a continuous blue
circle. Comparing all micropillars, the ones most distant from the stimulated one
display no visible shrinkage, while the direct neighbors shrink visibly (blue dotted
circle). The highest shrinkage occurs for the micropillar in focus of the laser.
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Figure 3.23: Local, photothermal stimulation of PNIPAM microactuators via fo-
cused laser light is illustrated. A blue star marks the focus spot of a
NIR laser in the center of a micropillar. After switching on the laser,
the microactuator shrinks significantly within 5 seconds (blue continu-
ous circle). Due to heat dissipation, PNIPAM pillars in close proximity
(blue dotted circle) also shrink to a certain degree.

The experiment demonstrates that a partial stimulation of a PNIPAM micropil-
lar array using laser light is possible to a certain extent. However, spatiotemporal
control of a single micropillar could not be achieved within the limits of the experi-
mental setup. For the example described here, a radius of stimulation of about 110
pm was determined. A possible explanation for the extended volume of stimulation
is dissipation and transport of heat via water. This limits the range of applications
where precise local control of single actuators in the low micrometer range is re-
quired. In this scenario, a microfluidic setup designed for dynamic photothermal
control of individual channels, would be restricted in the channel width, and in turn
in the size of the objects of interest in flow.
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Improvements regarding the local stimulation could arise from using a different
laser, which has a larger focal spot. In this way, a lower laser dose would be required
to heat an entire micropillar, resulting in a smaller heat gradient and lower heat
transport. In addition, the hydrogel’s light absorbance could be increased by adding
photoactive nanoparticles or molecules, that absorb efficiently at the wavelength of
the laser.

Hippler et al. designed microarrays of beam-shaped PNIPAM heterostructures
with a distance of 100 pm from each other, and achieved local photothermal actua-
tion of a single beam. Moreover, the response times were in the order of 100 millisec-
onds, which highlights the potential of PNIPAM microstructures for fast actuation
applications.|[119] Such precise control mechanisms of single PNIPAM microactua-
tors unfold the full potential of microactuator systems, like the one presented in this
thesis. In this way, dynamic switching between different channel configurations can
be achieved and might be used in filtering applications.

In conclusion, first concepts of implementing PNIPAM microactuators in a mi-
crofluidic setup were introduced and their capacity to capture and release polystyrene
microbeads under flow was demonstrated. Moreover, strategies of global thermal and
local photothermal actuation were encompassed, envisioning diverse fields of appli-
cations, ranging from collective operation of microactuator arrays to selective control
of single microactuators. In this context, two-photon laser printing endows remark-
able flexibility regarding the geometrical design of both actuators and arrangement
of the arrays. Considering the high resolution of fabrication and the possibility of
multi-material printing on various substrates, the framework introduced in this work
holds great potential for the domain of lab-on-a-chip applications. Challenges re-
main the reduction of spatially controlled volume upon stimulation, limiting precise
local actuation, and need to be addressed in future improvements.
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3.2.7 Conclusion and Perspective

In this chapter it was demonstrated that geometrical modifications at the microscale
can significantly enhance the responsivity and actuation capabilities of PNIPAM hy-
drogel microactuators fabricated via two-photon 3D laser printing. The evaluation of
thermally induced shrinkage of the microstructures emphasizes that higher surface-
to-volume ratios result in an increased shrinkage. Furthermore, the 3D printing
approach offers the possibility to tailor both the actuation efficiency as well as the
mechanical properties of the material, by varying the laser dose during the fabrica-
tion process. Here, a higher laser dose yields mechanically more stable but less re-
sponsive hydrogel microstructures as compared to a lower laser dose. The presented
results of this chapter provide a toolkit for precisely adjusting the functionality of
thermoresponsive microactuators based on PNIPAM hydrogels.

In addition, it was demonstrated that systems of PNIPAM microactuators can be
fabricated and implemented into lab-on-a-chip devices for microfluidic applications,
such as capturing and releasing microobjects in flow on demand. Here, the two-
photon 3D laser printing technology allows for a versatile selection of chip geometries
and even printing inside closed channels. First results of multi-material printing and
local photo-thermal stimulation emphasized that even more advanced microactuator
systems could be developed by the 3D printing approach, which fulfill more complex
functions, such as sorting and directing microobjects in flow selectively.

Future work should focus on integrating other functional monomers to the PNI-
PAM hydrogel in order to obtain multi-responsivity, such as temperature, light, and
pH, to enable a broader range of applications, such as autonomous cell-culture on
a chip. Here, the perfusion of various media containing nutrients and drugs could
be autonomously controlled depending on the metabolism and functionality of the
cells and respective pH.

In addition, local stimulation possibilities would further improve the function of
the microactuator systems. Incorporation of photo-active molecules such as azoben-
zenes or gold nanoparticles have demonstrated promising results in other works.[175]
[176] Another interesting approach could be to shift the PNIPAM LCST to human
body temperature at 37 °C, which could unlock applications under physiological con-
ditions in biomedical fields, such as drug delivery.[177] [178] In general, the strategy
described in this chapter can also be applied to microactuator systems based on
other responsive hydrogels, and modifications of PNIPAM, and thus might provide
a platform for future developments in soft robotic lab-on-a-chip applications.
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3.3 Discussion of Microstructural Modification
Strategies to Increase PNIPAM Hydrogel
Responsiveness

Thermoresponsive hydrogels have emerged as practical materials for soft actuator
research, primarily due to their capacity to induce volumetric transitions via am-
bient temperature modulation. However, the performance of bulk hydrogels in this
context is constrained by their slow response rates, low amplitude deformation, and
relatively weak stroke force generation. These attributes impede the material’s suit-
ability for soft actuator applications and are part of current research. Addressing
these limitations, two approaches of microstructuring PNIPAM hydrogels at the mi-
crometer scale were introduced in this work, and have proven efficacious, yielding
pronounced thermoresponsive actuation and increased stroke forces compared to the
conventional bulk material. These approaches foster the applicability in actuation
scenarios aimed at manipulating external objects, especially in microfluidics.

The first approach, discussed in Chapter is based on the incorporation of
an interconnected 3D network of microchannels in the PNIPAM hydrogel matrix,
which provides intricate pathways for the water transport in and out of the mate-
rial. Consequently, the thermally induced shrinkage occurs faster, and the volume
change is increased as compared to bulk PNIPAM. Further, the empirical data pre-
sented in this work demonstrates good reproducibility in repeated thermoresponsive
contraction and expansion, as well as relatively high changes in swelling ratios be-
low and above the LCST, which is beneficial for designing soft robotic actuators.
Importantly, this method, unlike alternative avenues reliant on chemical modifica-
tions of the polymer composition, exclusively alters the hydrogel’s microstructure,
preserving its chemical properties. Apart from the swelling and shrinking dynam-
ics, mechanical material properties are substantial factors to be considered in soft
actuators. Achieving substantial deformations and enduring cyclic performance is
an inevitable requirement. The cyclic deformation experiments conducted in this
work demonstrate long-lasting actuation with no notable signs of fatigue within the
parameters of the study. Additionally, the ability to generate stroke forces upon
swelling, which is a critical attribute for a stimuli-responsive hydrogels within the
context of soft actuators, was experimentally validated. Integration of a minor
amount of 4 vol% microchannels into PNIPAM hydrogels leads to an 8.3-fold in-
crease in stroke force upon swelling, promising superior actuation capabilities when
contrasted with conventional bulk PNIPAM hydrogels. Overall, the enhanced tem-
perature responsivity makes microchannel-containing PNIPAM hydrogels promising
materials for soft robotic applications. Considering the microengineering approach’s
restriction in sample miniaturization, this method provides an attractive way to de-
sign efficient, thermally controlled soft actuators in the millimeter to centimeter
range.
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In parallel, two-photon 3D laser printing was introduced to fabricate thermore-
sponsive PNIPAM microactuators, enabling high-resolution manufacturing within
the low micrometer range. Like their microchannel-containing counterparts, these
miniaturized actuators also exhibit a high responsivity. The experimental find-
ings discussed in Chapter highlight that microactuator geometry and printing
parameters exert substantial influence on actuator performance, and thus represent
critical factors to consider in PNIPAM-based microactuator development. In partic-
ular, it was found that high surface-to-volume ratios expedite water in- and outflow
in the hydrogel microstructures, indicating that thinner sample dimensions yield in-
creased actuator contractions. Consequently, high-resolution fabrication techniques
such as two-photon laser printing hold considerable potential for tailoring hydrogel
microactuator responsivity and enhancing their actuation capabilities. In addition,
printing parameters, such as laser power, laser scan speed, slicing distance, and
hatching distance, can be used to control the degree of polymer crosslinking, which
in turn adjust the hydrogel’s mechanical properties. The 3D printed PNIPAM mi-
croactuators introduced in this work, display thermally induced, reversible switching
between high and low volume states, with shrinking and swelling durations in the
order of seconds. Moreover, application in microfluidic experiments demonstrated
the feasibility of the introduced concepts, to develop PNIPAM microactuators for
soft robotic scenarios.

In conclusion, the integration of microchannel networks and two-photon laser
printing stand as potent strategies for designing efficiently performing, thermore-
sponsive PNIPAM hydrogel microactuators, with wide-ranging implications for mi-
crofluidics and lab-on-a-chip technologies. While the first approach is limited to fab-
ricate millimeter and centimeter scale structures, the second strategy provides high
resolution to control specific shapes of microstructures, while simultaneously offering
multiple avenues to tailor thermoresponse and mechanical properties of PNIPAM
hydrogels. Furthermore, the 3D printing approach permits multi-material printing
on diverse substrates, and overcomes restrictions in geometric complexity, which is
a common limitation in other methodologies, such as soft lithography. The concepts
advanced in this thesis could open avenues toward stimuli-guided microactuation
within microfluidic systems or lab-on-a-chip devices.

Compared to other established methods aiming to enhance the thermo-response
of PNIPAM hydrogels, the approaches of this work benefit from solely physical
material modification, rather than chemical adjustments, and thus avoid undesired
changes in material properties. Future work should focus on extending the horizons
of potential applications with multi-responsivity, by integration of diverse functional
monomers into the PNIPAM hydrogel matrix.
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In this thesis, concepts for tailoring the properties of stimuli-responsive hydrogels
and implementation of these materials into soft robotic applications have been elab-
orated. Conventional bulk hydrogels typically exhibit restricted actuation capa-
bilities, due to weak and slow responses when exposed to external stimuli. These
restrictions often limit the range of applications and demand for the development
of new methods for tailoring the responsive properties of such hydrogels.

First, highly thermoresponsive PNIPAM hydrogels were developed, by introduc-
ing a template-assisted fabrication method based on sacrificial zinc oxide templates.
This method generates a specific interconnected network of hollow microchannels
inside the hydrogel, thus altering its material properties. Large volume transitions of
up to 90 % shrinkage by only incorporating 5 vol% of microchannels, considerable
stroke forces (8 times higher compared to the bulk hydrogel), and a significantly
faster response make this material superior for soft actuator applications as com-
pared to the bulk hydrogel. Furthermore, the fabrication process allows for tailoring
the mechanical properties of the hydrogels by varying crosslinker concentrations,
while the enhanced responsivity remains. The material’s actuation capabilities were
tested in a thermally controlled soft gripper, which demonstrated the applicability
in soft robotic scenarios. While other established methods of increasing the tem-
perature response of PNIPAM hydrogels often rely on chemical modifications of the
polymer network, such as copolymerization, formation of interpenetrating polymer
networks, or nanocomposites, this work exclusively alters the hydrogel’s microstruc-
ture. Hence, undesired property changes, such as a shift in LCST, elasticity, or
optical transparency can be avoided. In general, this template-assisted approach
could also be applied to other responsive hydrogels and thus contributes to drive
the development of highly responsive hydrogels forward.

To understand the impact of surface-to-volume ratio on actuator performance,
two-photon 3D laser printing was then used to fabricate thermoresponsive PNIPAM
microactuators with high resolution in the low micrometer range and with precise
control of microactuator shape. While conventional fabrication methods often lack
sufficient resolution as well as limitations to 2.5D geometries, 3D laser printing
can overcome these restrictions and enables the manufacturing of microstructures
with complex 3D geometries. Within a comprehensive characterization of PNIPAM
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microactuator properties, it turned out, that miniaturization of the actuators and
especially the surface-to-volume-ratio have a major impact on the responsivity. The
evaluation of thermally induced shrinkage of the microstructures emphasizes that
higher surface-to-volume ratios result in an increased shrinkage. Besides the geo-
metric microactuator design, alteration of process parameters of the 3D laser print-
ing method, allows for further tailoring of the hydrogel’s performance in thermally
stimulated actuation. Moreover, these strategies can also be applied to systems of
microactuators. Here, PNIPAM microactuator systems were developed, which dis-
play cooperative functions and potential application in microfluidic devices. In this
way, capturing and releasing cargo in a microfluidic chip upon thermal stimulation
was demonstrated. First results of multi-material printing and local photo-thermal
stimulation emphasize, that even more advanced microactuator systems could be
developed by the 3D printing approach, which could fulfill more complex func-
tions, such as sorting and directing microobjects in flow selectively. Within the
scope of locally confined stimulation of single actuators, the use of pre-structured
substrates containing metal-based microheaters has been explored in a cooperation
project.[179] The results revealed promising potential for the integration into the
microactuator systems presented in this thesis in future works.

The strategies presented in this work, demonstrate that responsivity can be signif-
icantly enhanced by miniaturization of bulk hydrogel structures, where both intrin-
sic and surface engineering modifications can show high impact. Thus, the results
presented in this thesis can help to shape the future of soft micro actuator research.

Expanding the fabrication towards other functional hydrogel microstructures,
could further broaden the range of applications and possibly enable integration of
various hydrogel actuator systems in a lab-on-a-chip device.

Combinations of several such hydrogel microstructures on a single substrate open
new avenues for multi-functional platforms, that are capable of performing several
tasks in parallel or in series. Certainly, uniting recent advances in interdisciplinary
research fields with state of the art microfabrication technologies, will have the
potential to revolutionize micro soft robotic applications.
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