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Abstract

Many natural materials are structured on different length scales. This structuring often leads to an intricate
interplay between soft and stiff components, which significantly improves the fracture energy of these materials.
A class of soft material that is frequently employed by natural organisms as load-bearing elements, such as tendons,
are hydrogels. These are polymeric materials that are swollen with large amounts of water. However, in contrast
to their natural counterparts, synthetic hydrogels often suffer from intrinsic tradeoffs between mechanical
properties, such as stiffness and toughness. These limitations hamper the use of hydrogels for more advanced
applications, for example in soft robotics or biomedical engineering. The current weaknesses of synthetic hydrogels
are, to a big share, related to their homogeneous structure. A promising, bio-inspired route to design tough and

load-bearing synthetic hydrogels is hence to introduce microstructures into them.

In this dissertation, | investigate how the microstructure of bulk hydrogels that are reinforced with hydrogel
microparticles, microgels, influences their ability to resist deformation and fracture. | show that the fracture energy
of microgel-reinforced hydrogels (MRHSs) is independent of the size of reinforcing microgels, and only depends on
their effective volume fraction regardless of their degree of swelling. In contrast, the stress at break of MRHs is
dependent on the microgel-size. | demonstrate that the microstructure in soft and tough materials is key to improve
their stiffness and work of extension. To precisely control this important parameter, | present a microfluidic
trapping device that allows to introduce abrupt local compositional changes into thin hydrogel sheets on the 100

um length scale.

| believe that the field of soft materials will strongly benefit from the insights gained in this thesis to develop stiffer
and tougher soft materials by introducing microstructures into them, which will likely open up new applications in
the fields of biomedical science and soft robotics. Further, the introduction of abrupt, local compositional variations
into soft materials likely enables the development of advanced soft actuators, electrical switches or hydrogel

batteries.

In summary, | show that the microstructure of soft, tough materials is an important design parameter to improve

their stiffness and strength, and introduce a microfluidic device to precisely control it.

Keywords: hydrogels, mechanics of soft materials, microgel-reinforced hydrogels, microfluidics



Zusammenfassung

Viele natirliche Materialien sind auf verschiedenen Langenskalen strukturiert. Diese Strukturierung flihrt oft zu
einem ausgekliigelten Wechselspiel zwischen weichen und steifen Komponenten, was die Bruchzahigkeit dieser
Materialien erheblich verbessert. Eine Klasse weicher Materialien, die von natirlichen Organismen héaufig als
tragende Elemente, wie z. B. Sehnen, verwendet wird, sind Hydrogele. Dabei handelt es sich um
Polymermaterialien, die mit groBen Mengen an Wasser geschwollen sind. Im Gegensatz zu ihren natirlichen
Vorbildern leiden synthetische Hydrogele jedoch haufig unter einem inhdrenten Kompromiss zwischen
mechanischen Eigenschaften wie Steifigkeit und Zahigkeit. Diese Einschrankungen verhindern den Einsatz von
Hydrogelen fiir anspruchsvollere Anwendungen, zum Beispiel in der Weichrobotertechnik oder der
Biomedizintechnik. Die derzeitigen Schwachen synthetischer Hydrogele hangen zu einem groRen Teil mit ihrer
homogenen Struktur zusammen. Ein vielversprechender, von der Biologie inspirierter Weg, um zdahe und belastbare

synthetische Hydrogele zu entwickeln, besteht daher darin, Mikrostrukturen in sie einzuarbeiten.

In dieser Dissertation untersuche ich, wie die Mikrostruktur von Hydrogelen, die mit Hydrogel-Mikropartikeln
(Mikrogelen) verstarkt sind, deren Steifigkeit und Bruchfestigkeit beeinflusst. Ich zeige, dass die Bruchzahigkeit von
mikrogelverstédrkten Hydrogelen (MRHs) nicht von der GroRRe der verstarkenden Mikrogele abhangt, sondern nur
von ihrem effektiven Volumenanteil, unabhingig von ihrem Schwellungsgrad. Im Gegensatz dazu ist die
Bruchspannung von MRHs von der MikrogelgroRe abhangig. Ich zeige, dass die Mikrostruktur in weichen und zdhen
Materialien ein wesentlicher Faktor zur Verbesserung ihrer Steifigkeit und Dehnungsarbeit ist. Um diesen wichtigen
Parameter prézise zu kontrollieren, stelle ich ein mikrofluidisches System vor, mit dem sich die Zusammensetzung

von diinnen Hydrogelschichten auf einer Ldngenskala von 100 um abrupt andern l&sst.

Ich glaube, dass der Forschungsbereich der weichen Materialien stark von den in dieser Arbeit gewonnenen
Erkenntnissen profitieren wird, um steifere und zdhere weiche Materialien durch die Einfihrung von
Mikrostrukturen zu entwickeln, was voraussichtlich neue Anwendungen in den Bereichen der Biomedizin und der
Weichrobotertechnik ermoéglichen wird. Darliber hinaus ermoglicht die EinfUihrung abrupter, lokaler
Zusammensetzungsvariationen in weiche Materialien wahrscheinlich die Entwicklung fortschrittlicher weicher

Aktuatoren, elektrischer Schalter oder Hydrogel-Batterien.

Zusammenfassend zeige ich, dass die Mikrostruktur weicher, zaher Materialien ein wichtiger Gestaltungsparameter
ist, um ihre Steifigkeit und Zahigkeit zu verbessern, und stelle ein mikrofluidisches Gerat vor, mit dem sich diese

Struktur préazise steuern lasst.

Schliisselwoérter: Hydrogele, Mechanik weicher Materialien, Mikrogel-verstdrkte Hydrogele, Mikrofluidik



Résumé

De nombreux matériaux naturels sont structurés a différentes échelles de longueur. Cette structuration entraine
souvent une interaction sophistiquée entre les composants souples et rigides, ce qui améliore considérablement la
résistance a la rupture de ces matériaux. Les hydrogels constituent une classe de matériaux souples souvent utilisés
par les organismes naturels comme éléments porteurs, tels que les tendons. Il s'agit de matériaux polymeres
gonflés par de grandes quantités d'eau. Cependant, contrairement a leurs modeles naturels, les hydrogels
synthétiques souffrent souvent d'un compromis inhérent entre les propriétés mécaniques telles que la rigidité et
la ténacité. Ces limitations empéchent I'utilisation d'hydrogels pour des applications plus exigeantes, par exemple
dans la robotique souple ou le génie biomédical. Les faiblesses actuelles des hydrogels synthétiques sont en grande
partie liées a leur structure homogene. Une voie prometteuse, inspirée de la biologie, pour développer des

hydrogels synthétiques rigides et tenaces consiste donc a y incorporer des microstructures.

Dans cette thése, j'étudie comment la microstructure des hydrogels renforcés par des microparticules d'hydrogel
(microgels) affecte leur rigidité et leur résistance a la rupture. Je montre que la résistance a la rupture des hydrogels
renforcés par des microgels (MRHs) ne dépend pas de la taille des microgels de renforcement, mais uniqguement de
leur fraction volumique effective, indépendamment de leur degré de gonflement. En revanche, la contrainte de
rupture des MRHs dépend de la taille des microgels. Je montre que la microstructure dans les matériaux souples et
tenaces est un facteur essentiel pour améliorer leur rigidité et leur travail de déformation. Pour contréler
précisément ce parameétre important, je présente un systeme microfluidique qui permet de modifier abruptement

la composition de couches minces d'hydrogel sur une échelle de longueur de 100 um.

Je pense que le domaine de recherche des matériaux souples bénéficiera grandement des connaissances acquises
dans ce travail pour développer des matériaux souples plus rigides et plus tenaces grace a l'introduction de
microstructures, ce qui permettra vraisemblablement de nouvelles applications dans les domaines du biomédical
et de la robotique souple. De plus, l'introduction de variations locales et abruptes de la composition dans les
matériaux souples permettra probablement de développer des actionneurs souples avancés, des interrupteurs

électriques souples ou des piles a base d'hydrogel.

En conclusion, je montre que la microstructure des matériaux mous et tenaces est un parameétre de conception
important pour améliorer leur rigidité et leur ténacité, et je présente un appareil microfluidique qui permet de

controler précisément cette structure.

Mots clés : hydrogels, mécanique des matériaux souples, hydrogels renforcés par des microgels, microfluidique
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Chapter 1

Introduction

1.1 The Intrinsic Limitations of Conventional Hydrogels

Hydrogels are polymeric networks swollen with water or aqueous solutions. [1] In a conventional hydrogel network,
permanent covalent crosslinks greatly outnumber entanglements and physical or reversible bonds. [2] These
networks can uptake lots of water, which makes them useful for moisturizing purposes as desired in diapers or for
contact lenses. However, as all crosslinked polymeric networks, they intrinsically suffer from tradeoffs in terms of
mechanical properties: Consider a volume of a gel V that contains a number of elastically active polymer chains n.
A polymer chain is defined as the chain between two crosslinks, and consists of N monomers of length b, as
illustrated in Figure 1.1a. [2] Thereby, the volume conservation for dry gels, in which the polymer occupies most of

the space, gives
nNv =1, (1.1)
with v being the volume of a monomer. [2] The shear modulus of the gel can be written, by using equation 1.1, as
G =nkgT = N~ v 1kgT, (1.2)

where kg and T are the Boltzmann constant and the absolute temperature, respectively. [2], [3] For incompressible
materials, such as hydrogels, the shear modulus G relates to the tensile modulus E, also called Young’s modulus,

as
E =3G.[4] (1.3)

These last two relations stem from the affine model proposed by Kuhn in 1946, [5] which assumes that the
macroscopic and molecular deformation modes are the same and that polymer chains undergo affine deformation.
[4] It further assumes that the energy to deform polymer chains is much smaller compared to the energy needed
to change the volume of the solvent the polymer chains are surrounded with, or to squeeze it out of the network.
[4] This is the reason that hydrogels are considered as incompressible. In the phantom model proposed by James
and Guth in 1949 [6] a correction factor that accounts for several polymer chains connecting to the same two

crosslinks is introduced. [4] Equation 1.2 can be re-written as
G = (kgT, (1.4)

where ( is defined as the amount of independent elastic cycles per volume. [4] However, for simplicity | will use

the term n in the following, and not {. The strain at break is written as



Nb
Ep = m = \/N, (1.5)

which is the ratio between the lengths of a polymer chain in its fully stretched and its relaxed state. [2] A polymer

chain in its relaxed, and its fully stretched state is shown in Figure 1.1a.

The intrinsic fracture energy I}, that is, according to the Lake-Thomas model, the energy required to break all the

polymer chains that transverse an area, is defined as
Iy = nWNbNU; = nbUsN3/2, (1.6)

where Uy is the energy required to break one monomer, NUr the energy required to break one polymer chain, and

nVNb the number of chains that transverse the area in their initially relaxed state. [2], [7] Note that NU; includes
the relaxation of all monomers a ruptured polymer chain consists of, thereby dissipating energy. [7], [8] As at the
moment of chain scission all monomers the chain consists of are fully stretched, not only U is needed to break the
chain, but NU;. This correction was introduced because the theoretical fracture energy that only took the bond

scission into account was much lower than experimental values of the intrinsic fracture energy. [7]

The variables n and N are related via equation 1.1, such that equation 1.6 can be rewritten as
I, =VNbU;v~! = NbUspM,, ™", (1.7)

with p the polymer density and M,, its molecular weight. [9] By comparing equations 1.2, 1.5 and 1.7 we find that

Iy, €p and G are related to the chain length N, and relate among each other as
ey~ ~ G703, (1.8)

which nicely points out the intrinsic property trade-off between the strain at break, the intrinsic fracture energy
and the shear modulus conventional hydrogels suffer from. [2] An increase in modulus can hence be achieved by
increasing the density of crosslinks and thereby reducing the length of polymer chains N, which results, however,
in a decrease of the strain at break and the intrinsic fracture energy of the gel. This applies also to gels that are
swollen to equilibrium. We define the polymer chain swelling ratio &, which is the ratio between the end-to-end
distances of a polymer chain in its swollen relaxed and dry relaxed state. [2] For swollen gels, the strain at break
&, and the shear modulus G are reduced by &. The fracture energy Iy is reduced by a factor ;2 as the amount of

polymer chains per area is reduced by this factor. [2]

Additionally, conventional hydrogels are often fabricated using random radical polymerization, which leads to an
imperfect network that includes defects, [10]-[12] such as dangling bonds or loops, [13], [14] as illustrated in Figure
1.1b. These defects limit the strength a gel can achieve, as not all the polymer chains are contributing to bearing

the load. The strength of a gel is herein defined and measured as the stress at break o3,. Further, the functionality
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of different crosslinks, f, which is the number of chains connected to a crosslink, is strongly varying, as illustrated

in Figure 1.1b.

Another limitation of conventional hydrogels, that arises from random radical polymerization, is the large
distribution of the chain lengths N. When a gel gets stretched, the individual chains will align until they have reached
their fully stretched length Nb. If the chains are further stretched, they will break. As different chains reach their
strain at break ¢, at different macroscopic stretches, they will rupture one after the other, starting with the shortest
chains. This non-cooperative breakage due to stress concentrations on the shortest polymer chains limits the
maximum stress a gel volume can withstand prior to catastrophic failure. [2], [15] It is as if short and long chains
were coupled in series, and the network domain is as strong as its weakest part, as illustrated in Figure 1.1c. | will,

in the next subchapter, review an attempt to resolve this limitation and to get closer to an ideal gel network.

aQ  Polymerchain b = C  confining network
b dangling loop [ i
L il
max L »
dangling chain
¥+ +
L =Nb  L=N"%b - eam
max v f=4
=0 E>E . =0 €
N monomers with n polymer chains in,series” in parallel
length b and volume v per volume V

Figure 1.1: Conventional hydrogel network architecture. (a) A polymer chain consisting of N monomers with length b and volume v in its fully stretched (left)
and relaxed (right) state with indicated end-to-end distances L,,,, and L, respectively. (b) An illustration of a conventional hydrogel network showing large
variations in chain length, as well as dangling loops, dangling chains, and different crosslink functionalities. (ci-cii) A model of a conventional hydrogel featuring
long and short chains at zero strain (left) and when stretched to a strain that exceeds the strain at break of the short chains (right). (ci) A hydrogel in which
short and long chains are connected in series is as strong as its weakest part. The confining network that prevents the long chains from stretching to remove
the stress from the short chains is visualized by the dark blue area. (cii) A hydrogel in which short and long chains are connected in parallel does not undergo

catastrophic failure when the short chains rupture.

1.2 Designed Hydrogel Networks

1.2.1 Ideal Networks & Sliding Crosslink Networks for Strong Hydrogels

To reach a high stress at break a network should be engineered in a way that a large number of chains contributes
to bearing the applied load simultaneously. [2] A wide chain length distribution is hence unfavorable to synthesize
strong hydrogels. Fortunately, this limitation that arises from random radical polymerization was to a big extent
overcome, and ideal networks were achieved by using macromolecules with a well-defined chain length N and
functionalized end groups as the building blocks of the networks. A prominent example was presented in 2008, in
which researchers use two symmetrical tetrahedron-like macromolecules to achieve a homogeneous network. [15]
They could nicely show that the highest stress at break of the gel is reached at a stoichiometric ratio of 1 between

the two molecules and that even slight deviations from this molar equality strongly decrease the strength of the
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gel. [15] This result proves that an ideal network with a low density of defects and a narrow chain length distribution
can indeed strongly enhance the stress at break of gels. The most common macromolecule used for the formation
of ideal networks is tetra-PEG, [2] which has been functionalized with different end groups. [16]—[18] Please note

that gel network models such as the affine and the phantom network models are based on ideal hydrogel networks.

Another method to avoid stress concentrations on short network chains is to introduce mobile crosslinks that can
slide along the polymer chains to equilibrate polymer chain lengths during deformation. [2] Ideally, in a so-called
sliding crosslink hydrogel, all the chains break simultaneously after the sliding crosslinks moved to form polymer
chains of all the same length Nf;y,q;. This leads to a high stress at break. Gels that exhibit sliding crosslinks are often
synthesized from cyclodextrin-based polyrotaxanes, [2] and a pioneering example that features the “pulley-effect”
due to figure-of-eight crosslinks was reported in 2001. [19] However, while ideal networks and sliding crosslinks
can greatly increase the stress at break of polymeric networks by reducing the stress concentrations on short chains
the property tradeoff mentioned in the first chapter between stiffness or fracture energy and extensibility still

applies to them.

Ideal networks and sliding crosslink networks are classified as unimodal polymer networks, as the chain length
distribution is unimodal. [20] This is opposed to another family of networks called multimodal polymer networks
that show a multimodal distribution of chain lengths. [20] We will see in the next chapter how the intrinsic tradeoff

between stiffness and extensibility can be decoupled using multimodal networks.

1.2.2 Multimodal Polymer Networks
Multimodal polymer networks are defined as networks that feature different chain length distributions within the

same network. [20] Swollen multimodal networks would typically break at the strain at break of the longest chains
&p = /Nppax€s L, (1.9)

with N, ,, being the number of monomers of the longest chains in the system and & the polymer chain swelling

ratio. [2] The shear modulus G and the intrinsic fracture energy I for swollen multimodal systems are given as
G =YnkgTe, ™! (1.10)
Iy = ¥ nbN;*?U;Tes ™2, (1.12)

respectively. [2] Equations 1.9 and 1.10 show nicely that for a multimodal network, the strain at break and the
modulus are decoupled: while short chains lead to a high modulus the long chains are responsible for the strain at
break, a feature that has not been possible for conventional or unimodal polymer networks. While unimodal
networks simply break at 5, multimodal network architectures can be designed so that the short chains break while
the long ones still maintain the mechanical integrity of the network. Going one step back to conventional networks

one could intuitively reason that in a conventional network, which has an extremely multimodal polymer chain
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length distribution, the same would apply and small chains can fracture prior to longer ones without the network
breaking. But this is obviously not what is observed. What is the difference between a multimodal network and a
conventional network? To clarify this question, we will picture network components being either linked in parallel
or in series: conventional networks can be seen as connected in series, with the weakest element breaking and
thereby leading to catastrophic failure of the network domain, as illustrated in Figure 1.1ci. However, for
multimodal networks, short and long chains are connected in parallel, which allows the long chains to take up the

load after breakage of the short chains. Long and short chains acting in parallel are shown in Figure 1.1cii.

Multimodal polymer networks can be fabricated, among others techniques on which | will not focus here, using
interpenetrating networks or networks with high-functionality crosslinks. [2] An interpenetrating network is
defined as two or more individual, crosslinked networks that are not crosslinked among each other but physically
entangled to the point that they cannot be separated without breaking them. [2] In polymer networks featuring
high-functionality crosslinks, a large number of chains binds to the same crosslinker, whose functionality, f, is hence
large. This results in several polymer chains with different lengths that connect two crosslinkers. [2] Typical
examples of such multi-functional crosslinks are crystalline domains [21]-[23] or micro- or nanoparticles [24]-[27],

to only name a few.

The concepts of unimodal and multimodal polymer networks was very nicely illustrated by Zhao et al., [2] here
adapted as Figure 1.2. Unimodal networks, such as ideal networks or networks that feature sliding-ring crosslinks,
fail once the chains have reached their ¢, as illustrated in Figure 1.2a. This is in contrast to multimodal polymer
networks, in which short chains break at their &5, while long chains, that are coupled in parallel to the short ones,

take up the load, thereby preventing catastrophic failure of the network, as illustrated in Figure 1.2b.
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Figure 1.2: Unimodal vs. multimodal polymer networks. (a) In unimodal networks the polymer chain length N is uniformly distributed (top), which results in
catastrophic material failure at the strain at break of the chains. (b) In multimodal networks the polymer chain length N is multimodally distributed (top),
which results in breakage of short chains without catastrophic failure of the network segment. Adapted from [2] with permission. Copyright 2021 American
Chemical Society.

The breakage of the short chains requires energy, which is dissipated during the network extension in the form of
internal damage in the material. Such energy dissipation is of great interest for engineering materials that are more

resistant to fracture, called tough materials. Multimodal polymer networks are hence excellent candidates to design

tough hydrogels.

1.2.3 Elastic vs. Tough Materials

In the next chapter | will discuss the difference between elastic and tough materials, and its implications on the
design of soft materials. To do so, | first need to define a few terms, elasticity, work of extension, fracture energy
and resilience. In the chapter thereafter, | will discuss energy dissipation in a famous example of multimodal

networks, double network hydrogels.

Elasticity

An elastic material is defined as a material that linearly deforms upon loading. Linear elasticity is best described
using Hooke’s law that says “as the extension so the force”. [28] Upon elastic deformation the microstructure of
the material is not altered and upon unloading the material goes back to its original shape without permanent,

plastic deformation. [29] The initial slope of the linear loading-elongation curve, also called stress-strain curve, is
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defined as the Young’s modulus, which is the measure of stiffness of the material under tensile or compression

loading in the unit Pa:
E =-=3G. (1.12)

In a perfect elastic deformation, there is hence no energy dissipated, but the material acts as a spring that stores
elastic energy, which is released upon unloading. Many materials, also tough ones, feature an elastic regime below
a certain strain threshold. An elastic deformation and how the Young’s modulus can be deduced from these curves

are illustrated in Figure 1.3a.

Work of Extension
The work of extension, herein called work to break W}, is a metric of how much energy needs to be provided to a

volume of material for it to undergo catastrophic failure. [30] It is defined, in the unit J m?3, as
Wy, = fogb o de. (1.13)

with &, being the strain at break and ¢ the stress applied to the material. In experiments, W, can be measured as
the area under the stress-strain curve. However, as the material is not undergoing any unloading, but is stretched
up to fracture, the work to break does not distinguish whether energy was stored elastically or whether it has been

dissipated in the material. For gels, W), is defined as
Wy, = nNUy, (1.14)

which is the number of chains per volume multiplied with the amount of energy required to break a polymer chain.

3], (8]

Fracture Energy
The fracture energy is defined as the energy required to advance a crack by a unit area, with the units J m2. It

describes how resistant to fracture a material is.

Resilience vs. Toughness

Resilience is the ability of a material to regain its initial shape after unloading, without energy being dissipated
during the loading-unloading cycle. Elastic materials are according to this definition truly resilient. The counterpart
to resilience is toughness. Tough materials dissipate energy during a loading-unloading cycle, as illustrated in Figure
1.3b. The hysteresis, shown as the grey area between the loading and the unloading curve, depicts the dissipated
energy Uy,s. The red area below the unloading curve represents the elastic energy that is regained upon unloading,
U,;. The ratio between the dissipated energy during a cycle and the total work done on the material during the

cycle can be calculated using the hysteresis ratio H, which is given as

_ Uhys
= Uyt Uat [2] (1.15)
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The resilience of a material for a given cycle is defined as

_ Uet
R = Uyt Ut [2] (1.16)
Those two numbers are simply related as
R=1-H. (1.17)

This illustrates that, if the dissipative mechanism is irreversible, which is the case for covalently crosslinked
hydrogels, there always is a tradeoff between energy dissipation and the ability of a gel to undergo cyclic loadings

with persistent performance.

Mullins effect

For tough materials, the amount of dissipated energy is strongly related to the strain a material element undergoes.
During a first loading-unloading cycle to a defined strain the material dissipates energy, thereby undergoing internal
damage or alterations in its structures. When the material is subsequently loaded to the same strain a second time,
its loading curve will follow the unloading curve of the previous cycle, hence it is much softer. Upon stretching to
larger strains than during the first cycle the stress-strain curve will at these higher strains follow the one from the

virgin material. This effect is called the Mullins effect [31]-[33] and is illustrated in Figure 1.3c.

a | b © c o
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Figure 1.3: Elastic vs. dissipative materials. (a) A loading-unloading cycle of an elastic material. The slope of the curve indicates the Young’s modulus E. (b) A
loading-unloading cycle to strain &,,,, of a tough material. The grey area depicts the dissipated energy Unys. The red area depicts the elastic energy that is
regained after unloading Unys. (c) An illustration of two subsequent cycles on the same material with €,,4,1 < &p4yx.2- The phenomenon that the loading curve

of cycle n+1 follows the unloading curve of cycle n is called Mullins effect.

| will now review deformation and internal fracture of a type of multimodal networks, the double network hydrogels

(DN’s).

1.3 Energy Dissipation in Double Network Gels

Double networks are a famous example for an interpenetrating network that were introduced in 2003 by the group
of Jian Ping Gong. [34] The classical double networks are fabricated in a two-step process: A stiff and highly

crosslinked first network, often made of 2-Acrylamido-2-methylpropane sulfonic acid (AMPS) monomers, which is
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a polyelectrolyte, is fabricated. This first network can be strongly swollen in the precursor solution of the second
network, often made from acrylamide (AAm), despite its high crosslink density and hence short polymer chains N.

The second network is composed of very long polymer chains and few crosslinks. [35]

In another prominent example, an extremely tough and extensible DN hydrogel was fabricated in a one-step
process: acrylamide monomers and alginate were dissolved in water, together with a crosslinker and a
photoinitiator to covalently crosslink the acrylamide, and calcium sulphate to ionically crosslink the alginate. [36]
In this hydrogel system, the alginate acts as sacrificial first network, as it is highly crosslinked, while the second
network is formed from polyacrylamide. It bears the advantage that it is fabricated using a one-step process and
that the ionically crosslinked network can heal over time. [36] However, it has the disadvantage that it cannot be
used under physiological conditions as salts weaken the coulombic interactions within the ionically crosslinked

network. [9]

When a double network hydrogel is stretched, the short chains of the first network lead to a high initial modulus E,
while the long polyacrylamide (PAAm) chains lead to a high strain at break &;,. This is a typical decoupling of
mechanical properties for multimodal polymer networks, as it has been introduced in chapter 1.2. Further, the
short chains the first network is composed of break if the material element is stretched to higher strains than their
&p. If the double network hydrogel, however, is properly designed the long chains take over the load and
homogeneously distribute the stress throughout a large damage zone, thereby reducing stress concentrations. It
was shown that this toughening mechanism works regardless if the two networks are covalently coupled to each
other or not, if the amount of crosslinker of the second network is properly adapted. [37] However, during a classical
DN synthesis, the two networks usually feature inter-network crosslinks. [37] A double network with both networks
being truly independent can be achieved by passivating excess crosslinkers present in the first network before the
second network is polymerized. [37] In all cases it has been shown that the two networks of DN’s are highly
entangled. [38] However, there are two schools with different visions on how the first network of DN’s undergoes

internal damage:

The DN structure is pictured by Gong as highly heterogeneous. The first network is composed of tiny islands of gels
that are held together through some elastic strands. [39] It was shown that during cyclic loading with increasing
maximum strain &,,,, for every cycle, the initial stiffness of a DN rapidly decreases with increasing €,,4,, as shown
in Figure 1.4a. [39] This softening was assigned to the initially fractured PAMPS chains, which are supposedly the
elastically active ones that connect the microgels in the direction of pull. The microstructure of the first network
composed of gel island connected to each other through few strands is illustrated in the inset of Figure 1.4a. [39]
The connecting strands are thought to be responsible for the continuity of the first network and hence the initial
stiffness. [39] In another study it was found that if only 1% of the PAMPS chains break, 80% of the elasticity of the
first network is lost, which further hints at the proposed morphology of the first network. [31] Hence, as soon as

DN gels start to yield the first network becomes discontinuous, which significantly softens the materials, and the
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microgels fracture into smaller and smaller clusters, thereby dissipating energy. [39] The cluster size was measured
to be around 1.5 um in size according to a SANS study. [40] The energy dissipation and the re-swelling after
deformation are, in contrast to the initial stiffness, less dependent on the connecting strands in the direction of
pull. That is why these parameters follow a linear trend as a function of g,,,, throughout the necking process, as

shown in Figure 1.4b and 1.4c. A sketch by Gong [35] that illustrates her vision is reprinted in Figure 1.4d.

According to the model of Brown [41] the first network of DN’s does not fracture into clusters, but it suffers damage
in the form of microcracks that only coalesce when catastrophic failure occurs. [41] It was indeed observed that
upon cyclic loading of a multi-network elastomer, the initial stiffness does not decrease as much as in the case of
the DN hydrogel, as shown in Figure 1.4e. [42] Using mechanochromic molecules Creton and coworkers showed
that during necking only 9% of the first network chains that were loaded at the onset of necking would rupture, as
shown in Figure 1.4f. [43] They interpreted that the first network still carries a significant amount of load during the
necking process. An illustration by Creton [43] on how the first network breaks, in response to the sketch by Gong,

is reprinted in Figure 1.4g.

It might very well be that this difference, which can be considered a detail, arises from the fact that hydrogels and
elastomers do have different load transfer mechanisms between the networks, or that the measured elastomer
networks were not truly independent, while truly-independent DN’s were studied. [43] However, it is of interest to
understand how the first network breaks, to then also link its structure to the way these materials undergo

catastrophic failure.
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Figure 1.4: Rupture of the first network in multi-network gels. (a-d) Vision and data of Gong and co-workers and (e-g) of Creton and co-workers. (a) Young’s
modulus of a double network hydrogel composed of two truly independent networks during cyclic loading as a function of the cycle’s maximum strain &,,4x-
Inset: Illustration of the heterogeneous structure of the first network featuring gel islands that are sparsely connected. (b) Dissipated energy per loading-
unloading cycle as a function of the cycle’s maximum strain €,,,. (c) Re-swelling of the sample as a function of the cycle’s maximum strain &,,,,. (a-c) The

dotted lines mark the transitions between the regions pre-necking, necking, and hardening. (d) Illustration by Gong on how the first network breaks into
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clusters before necking. (e) Young’s modulus of a multi-network elastomer during cyclic loading as a function of the cycle’s maximum strain &4, (f) Chromatic
change of mechanochromic molecules contained in the first network as a function of the applied strain. There is only little change between the necked
(discontinuous line) and the un-necked (continuous line) region above 250% strain (g) lllustration by Creton on how the first network still holds a significant
amount of load during necking. (a-c) adapted from [39] with permission. (d) Adapted with permission from [35]. (e) Adapted with permission from [42]. (f-g)

Adapted from [43] according to the Creative Common License.

1.4 Fracture Mechanics of Soft and Tough Solids

1.4.1 Nonlinear Strain Fields During Fracture of Tough Materials

Tough materials dissipate a significant amount of energy when strained. The amount of dissipated energy strongly
depends on the maximum strain a material element is subjected to. [31]-[33] This is not only the case for materials
that are homogeneously strained to well-controlled strain values, but gains even more importance during the
fracture of tough materials. Ahead of the crack tip, the material undergoes complex and nonlinear strain fields and
the maximum strain a material element undergoes is non-trivial to predict. [44]-[46] | will now investigate the
influence of the presence of high local strains and energy dissipation in DN’s on how these tough materials undergo

catastrophic failure.

1.4.2 Nonlinear Elastic and Dissipative Length Scales

In contrast to linear elastic fracture mechanics (LEFM), in which materials are considered to behave mainly linearly
elastic with a tiny fracture zone around the crack tip, the fracture of soft materials includes strong nonlinear
elasticity. [8] Nonlinear deformation around a crack tip has been nicely visualized using digital image correlation
(DIC) for soft elastomers [47] and double network hydrogels. [45] The intrinsic material length scale that defines
the size of the zone around the crack tip in which nonlinear elasticity arises is called the elasto-adhesive length scale

[3] or the nonlinear elastic length scale, [8] and is defined as
r
[~ = (1.18)

Here, I is the fracture energy and E the Young’s modulus. [ can be understood as the distance from the crack tip
where surface energy and bulk elastic energy become similar, or in other words, below which surface effects can

cause large material deformation. [3]

Interestingly, it was found that in soft materials [ can be related to the crack tip opening displacement (CTOD) §, as
r
o~ z ~l1.[8], [47] (1.19)

However, for tough gels the CTOD needs to be corrected with an exponential factor as 6~(§)“, with a~ 0.8-1.1

being close to unity, making the use of [ still reasonable. The elasto-adhesive length scale is hence not only useful
to predict the nonlinear zone around a crack tip, but can also be measured on the macroscopic scale as the crack

tip opening displacement. However, for stretchy and dissipative gels, such as DN’s, it has been shown that under
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dynamic conditions the CTOD deviates from the parabolic shape predicted by LEFM. [48] From the observed CTOD

a rate-dependent length scale

I(v)~ 2 (1.20)

has been derived that shows that the observed CTOD and hence [(v) are linearly dependent on the elastic energy

stored in the material U,;. [48] Here, G is the shear modulus.

The fact that soft and tough materials not only deform nonlinearly, but also dissipate energy adds another level of
complexity to the problem of their fracture. | define a second intrinsic material length scale, which describes the
failure zone around the crack tip in which stress and strain fields vanish because they are dissipated within the

material. [8] It can be written as
r
¢~ W_b' (1.212)

The two numbers [ and { were nicely presented by Long et al. [8], here adapted as Figure 1.5a. { has been
established as the fractocohesive length. [49] As all the stress fields within a zone of length { around the crack tip
are dissipated it makes the material insensitive to cracks that are smaller than the fractocohesive length. This is
illustrated in Figure 1.5b. It has been observed that (, calculated from equation 1.21, is of the same order of

magnitude as the surface rugosity of newly formed cracks in natural rubbers. [50].

An overview of different materials and their nonlinear elastic and fractocohesive length scale is shown in Figure
1.5c. It is interesting to note that steel, which is highly ductile, can e.g. be found above the [ = { diagonal, while
Tetra-PEG gels, which we have encountered in chapter 1.2.1, and which are highly elastic but not dissipative, are
found below the diagonal. For brittle conventional gels like PAAm we find ¢ > [ > (. [8] Thereby, the
fractocohesive length depends on the crosslinking density and can vary between 1 mm for loosely crosslinked, [12]
and 20 um for highly crosslinked PAAm [51]. For double network hydrogels we find [ > {~c, with ¢ being a crack
length. [8]
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which the material is insensitive to them. (c) An Ashby plot that relates [ and ¢ for different materials. (a-c) are adapted from [8] with permission.

1.4.3 Intrinsic and Dissipative Fracture energy

In chapter 1.1 | have presented the intrinsic fracture energy [. It quantifies the energy required to break polymer
chains to create new surfaces. However, when tough materials break, there is a substantial amount of energy
dissipated in the bulk material. Remember e.g. the breakage of short chains in multimodal polymer networks while
the long ones in parallel to them maintain the mechanical integrity of the material. The fracture energy can hence

be divided into two components:
r=1I,+1Ip, (1.22)

with I, being the dissipative part of the fracture energy. [8], [44], [52] For tough gels usually I} < I},. [52] However,
in tough hydrogels the intrinsic fracture energy still cannot be neglected, and the fracture energy I' was shown,

using experiments and simulations, to be linearly related to it as

r=—=0 57 (1.23)

- 1-ahmax

Here, 0 < a < 1is a dimensionless number related to the size of the hysteresis area during cyclic loading and 0 <
hmax < 1is the ratio between the dissipated energy and the applied external stress. [52] They are hence directly
linked to I. To design tough materials, the ratio between the dissipated energy and the applied mechanical load
should hence be high, and dissipation should be activated at low strains. [52] The linear relation between I" and [}
can be intuitively understood as if the second network is brittle cracks easily propagate while the load cannot be

transferred to the surrounding first network.
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1.5 Fracture of Double Network Hydrogels

1.5.1 Damage Zone in Double Network Hydrogels

In tough materials, the loading history and the amount of strain encountered by a material element strongly
influences how much energy it dissipates. [31], [44] Indeed, during fracture of double networks the encountered
strain of a material element is highly dependent on its distance to the crack measured perpendicular to it. [44] This
relationship was shown using digital image correlation, [45] here shown in Figure 1.6a. The question arises whether
there is a way to predict how much energy will be dissipated during crack propagation in a double network

hydrogel?

In attempts to predict the fracture energy of DN’s, which was measured in 2005 for the first time, [53] Tanaka [54]
and Brown [41] independently came up with physical models. They both assume that there exists a local damage
zone around the crack tip with width h. All the material elements inside the damage zone are exposed to the
maximum strain arising in the system, which makes them dissipate energy, while outside of the damage zone, the
material elements remain in their elastic regime and no dissipation occurs. [41], [44], [54] This hypothesis is
supported by experiments performed in the group of Gong, in which they could visualize a distinct damage zone,
as shown in Figure 1.6b. The elastic behavior and the dissipation mechanism outside and inside the damage zone,
respectively, as proposed by Tanaka and Brown, are illustrated in Figure 1.6c. The fracture energy was estimated

as
I' =ko.e.h. [55] (1.24)

Here, k is a geometrical factor around unity, while g, and €, are the yielding stress and the strain at which strain
hardening occurs, as schematically shown on a simplified stress-strain curve in Figure 1.6d. Although the fracture
energy was overestimated by a factor six, Gong could nicely show that I" « h, as shown in Figure 1.6e. Interestingly,
by omitting k, which is reasonable because it is close to unity, [55], and by assuming g.e.~W, we find the

fractocohesive length ¢ as

h~—Ln Lo Z. (1.25)

By inserting Wj, ~ 10 MJ m™ and I ~ 1000 J m™, which are reported experimental values, [35] a fractocohesive
length of { = 100 um is estimated, which is in the same order of magnitude as the experimentally observed h. [8]

However, when DN’s undergo dynamic fracture, { can be significantly larger than 100 um. [48], [55]
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Figure 1.6. Energy dissipation in double network hydrogels (DN’s) upon crack propagation. (a) Micrograph of a DN hydrogel showing the strain field ahead of
the crack tip, visualized using digital image correlation. The sample was pre-stretched to 400% before imaging. Sample width = 6 mm. (b) Micrograph taken
with a color 3D violet laser scanning microscope, showing a clearly distinct damage zone around a crack in a DN hydrogel. (c) Schematic illustration of the
stress-strain cycles a material element inside (black) and outside (red) of the damage zone underwent. (d) An idealized stress-strain curve of a DN hydrogel
with indicated yield stress oc and the strain at which hardening occurs &c. (e) The measured fracture energy as a function of the damage zone width, which is
indicated in (b). (a) adapted from [45] with permission. Copyright 2014 Elsevier. (b,e) Adapted from [55] with permission. Copyright 2009, American Chemical
Society.

We have just seen that in double network hydrogels a propagating crack is often surrounded by a large damage
zone. [55] The phenomenon of a large damage zone in which strong dissipation occurs applies to several families
of materials, such as polymeric materials, [56] ceramics, [57] metals, [58] or fiber-reinforced composites. [59] Also

many natural materials feature energy-dissipative mechanisms to resist fracture. [60] In the field of hydrogels,

toughening strategies on different length scales were carefully reviewed. [61]

The field of deformation and fracture of soft and tough materials is rapidly evolving. Interestingly, the field includes
studies that address the different length scales ranging from the molecular level, [7], [62], observations of
dissipation mechanisms on the mesoscale [55], [63], to studies of the macroscopic crack opening, crack tortuosity
and deformation. [45], [47], [48], [64] A particularly interesting length scale, on which | will focus in the following,
is the um to 100’s um length scale. It has been shown that in DN’s the first network breaks into clusters with a size
around 1 um [40], while the damage zone in DN’s was visualized to be in the order of 100 um, [55] staking out a
length scale that is indeed worth closer examination. In a recent study on 3D printed elastomers featuring
engineered porosity, it has been shown that differences in the pore structure only had an effect on the crack

propagation if pores were not larger than 1 mm. [64]

1.6 Microstructured Hydrogels

1.6.1 Bio-Inspired Microstructuring of Hydrogels

We will now, in response to the findings described above, for a moment leave the field of mechanics of hydrogels
to deepen our knowledge on the fabrication of hydrogels that are structured on the tens to hundreds of um length
scale and the advantages that can be achieved thereby. Materials that are structured on these length scales can
also be found in nature. An example comes from the field of adhesion science: several animals fabricate adhesive
pads with features on the microscale to improve their adhesion underwater or to wet surfaces. [65]—-[67] Such

structures were copied by researchers to harvest the favorable adhesive properties that arise from the
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microstructuring observed in natural materials. This approach is called bio-inspired design or bio-mimicry, [68], [69]
and spans a wide range of natural materials, such as spider silk, [70], [71] nacre, [72] or fibrous plant tissues. [73]
Bio-inspired design is a fascinating topic, as nature produces a huge variety of materials from a limited set of
elements and often under benign conditions to enable life of the creatures fabricating them. As in evolution, the
fittest survive and as an efficient adaption to the current environment is crucial, nature conducted millions of years

of research and development to provide us with time-tested recipes to fabricate materials.

In the next chapter | will hence review microstructures that are found in nature and how they were successfully
reproduced by researchers using current techniques that are available to them, including molding, [65]-[67] photo-
lithography, [74], [75] shaping of materials using surface and interfacial forces, [76]-[78] and 3D printing. [79] The
most important discoveries in the engineering of hydrogels on different length scales has also been broadly

reviewed. [80]

1.6.2 Molding for Bio-Inspired Wet Adhesion

An example in which a certain functionality of natural materials was successfully mimicked by microstructuring
hydrogels is taken from the field of adhesion science. It has been observed that animals capable of undergoing
strong underwater adhesion rely on hexagonal patterns on their foot. Prominent examples are the clingfish [67],
the tree frog [65] and the octopus [66]. A photograph of a clingfish adhesion disc and a scheme of its hexagonal
pattern are shown in Figure 1.7a and 1.7b, respectively. Researchers used micromolds as substrates to synthesize
hydrogels featuring a hexagonal patterning with side lengths of 10 um [65] or 0.875-1.75 mm [67], and to pattern
cylinders with a diameter of 100 um [66]. It was shown that the size of the hexagonal microstructure strongly
influences the adhesion performance, as too large hexagonal pads would trap water underneath their center, while
an optimal, smaller size ensures increased actual contact area, leading to improved adhesion. [67] Molded large
and small hexagonal facets are shown in Figure 1.7c. Another inspiration for adhesion using patterned features is
the octopus and its arms, here shown in Figure 1.7d. A study reproducing its cylindrical adhesion pads showed that
too small pads do not lead to sufficient suction underwater, resulting in an optimal feature diameter of around 100
pum. [66] Additionally, the curvature of the groove on the pads was shown to strongly influence the adhesion
properties with the highest curvature showing the strongest suction and hence adhesion. [66] Micro-engineered

octopus-inspired cylindrical adhesion pads with a high inner curvature are shown in Figure 1.7e.

24



Hexagonal C

krace« a=1.8 mm

g ® L
Clingfish
adhesive disc oy

Clingfish inspired
surface architecture

a=0.9 mm

Figure 1.7: Bio-Inspired microstructures for underwater adhesion fabricated via molding. (a) Clingfish showing adhesive pads with hexagonal patterns that
served as inspiration. (b) Scheme of a hexagonal clingfish-inspired adhesive surface. (c) Micrographs of engineered hexagonal patterns with a side length of
1.8 mm (top) and 0.9 mm (bottom). The larger pads entrap water in their center, which reduces the effective adhesion surface. Scale bars = 4 mm (d) Sketch
of an octopus arm covered with cylindrical pads with a cavity in their center for effective suction. (e) Micrographs of engineered cylindrical pads made using
molding. Inset: The red line shows the inner curvature of the cavity, which proves to be an important factor for the adhesion strength of the pads. (a-c) are

modified from [67] with permission. (d-e) are modified from [66] according to the Creative Common License.

A well-defined microstructure found in the human body featuring strong anisotropy is the myocardium, the
muscular tissue of the heart. Researchers used an elastomeric poly(dimethylsiloxane) (PDMS) mold to produce
microgrooves with a depth, width, and spacing of 50 um into a conductive hydrogel to achieve topological similarity
with the myocardium structure. [81] Cells organized and aligned on top of the micropatterned platform to result in

tissues acting very similarly to the natural myocardium. [81], [82]

Molding is a facile and ready-to-use method to introduce surface patterns on the microscale into bulk hydrogels.
Molds can be fabricated with resolutions down to 10’s of micrometers, e.g. using photoresists like SU8. [83] These
photoresists are very often cured, as the name indicates, using UV light and a photomask. However, while the use
of molds allows to pattern the surface of hydrogels, their bulk compositions cannot be controlled. Further, molding
is often limited to one type of hydrogel, with one set of mechanical properties. If different degrees of crosslinking
are desired within the same hydrogel sheet, or gradients of properties are required, molding faces its limitations.
One method that enables the control of the bulk composition of hydrogels, and allows to introduce compositional

gradients into them, is photolithography, which | will present in the next subchapter.

1.6.3 Photolithography for Plant-Inspired Patterned Self-Shaping Materials

Patterning in Two- and Three-Dimensions Using Light

Photolithography techniques to crosslink hydrogels with spatial complexity and concentration gradients were first
used in the late 2000’s. Instead of using a photomask to pattern a mold on which the hydrogel is subsequently
cured, light is employed to selectively crosslink hydrogel precursor solutions. With UV light and a photomask
patterns with a resolution down to 100’s of micrometers were introduced into already prepared bulk hydrogels
that were previously soaked with a photosensitive precursor, as shown in Figure 1.8a. [84] Photolithography is
hence not limited to the surface of the hydrogel, but the light travels through the entire sample thickness, thereby
crosslinking the precursors. Using this technique, stripes with varying stiffnesses were introduced into soft bulk
hydrogels, as well as continuous stiffness gradients. [85] A stripy hydrogel sample with locally varying stiffness is

shown in Figure 1.8b. A more recent example uses orthogonal photolithography with distinct precursor molecules
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to either trigger the polymerization of one or two kinds of monomers. [64] This complex chemistry is used to

produce a mussel byssus inspired 2D structure with a soft, porous core and a stiff surrounding. [64]

However, when using flood UV light and a photomask, the spatial control of the process is limited to two
dimensions. To gain control over three dimensions, a laser can be employed in a two-photon lithography process,
with which the z-dimension of the resulting pattern can be controlled. [86] This approach was applied to guide cell
growth in three dimensions, [86] or to pattern proteins within preformed hydrogels [87], which is shown in Figure
1.8c. However, while these approaches allow for very high resolution in three dimensions, they rely on advanced

chemistries and the patterning of centimeter-scale surfaces is time-consuming.

Patterned Stimuli-Responsive Hydrogels for Self-Folding Sheets

Another source of inspiration that comes from the natural world are stimuli-responsive self-morphing plants and
their products. For example, conifer pinecones close their scales when exposed to wet environments to protect the
seeds contained in them, and reopen when the environment dried. [88] A pinecone in its closed and its open form
is shown in Figure 1.8d. Hydrogels are excellent candidates to fabricate self-morphing structures from them due to
their stimuli-responsiveness. Their swelling, which means water uptake, is highly dependent on material factors
such as the number of monomers per chain, N, or the hydrophilicity of the employed monomer. Further, depending
on the employed monomer, hydrogels show strong responses to external stimuli such as ionic strength,
temperature, or pH. The degree of swelling under different conditions and external stimuli can be abruptly
engineered over short length scales, e.g. by introducing a patterned functional network into a primary gel sheet
using photolithography. When thin hydrogel sheets with locally varying stimuli-responsiveness are subjected to
external stimuli, stresses will develop due to local swelling gradients. These stresses will cause the sheet to deform
to equilibrate them, as illustrated in Figure 1.8e. The class of materials that leverages local internal stresses, induced
by engineering the local composition of a 2D material, to attain a desired shape in two or three dimensions upon
exposure to a certain stimulus are called self-morphing materials. For example, two-dimensional hydrogel sheets
with engineered locally varying stimuli-responsiveness morphed into three-dimensional structures upon external
stimuli, including ionic strength, pH or temperature, as shown in Figure 1.8f and 1.8g. [74], [75] This concept was
further explored to produce highly complex surfaces that deform in three dimensions from temperature-responsive

photopatterned hydrogel sheets. [89]

Photolithographic techniques have hence been used to guide cell growth, to assemble proteins in a bulk hydrogel
in three dimensions, or to pattern two-dimensional sheets for shape-morphing materials. A recent improvement of
photolithographic techniques is the introduction of digital micro-mirror devices (DMD’s). These devices that employ
tiny mirrors that either reflect or transmit light have the potential to be of use for rapid prototyping and to replace

expensive and, very often, single-use photomasks. [90]—-[92]
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Figure 1.8: Photolithography techniques and plant-inspired self-morphing. (a) A hydrogel sheet composed of poly(ethylene glycol) diacrylate (PEGDA) with
gradients in stiffness that were fabricated using photolithography. (b) Photograph of a PEGDA-based sample into which stripes with different stiffnesses were
introduced. (c) 3D patterning of different proteins into a prefabricated hydrogel using two-photon chemistry and a laser. (d) Pine cones open or close their
scales depending on the humidity of their environment. (e) Scheme of a patterned 2D hydrogel sheet that was produced using photolithography. Upon stimuli
(arrows) the 2D sheet reversibly transforms into a 3D structure to equilibrate internal stresses that arise from local differences in the degree of swelling. (f-g)
Complex 3D structures that self-morphed from a patterned 2D sheet upon stimulus. The patterns that were introduced into the 2D sheets are shown as insets.
(a-b) Adapted with permission from [85]. (c) Adapted with permission from [87]. (e) Adapted with permission from [74]. Copyright 2013 American Chemical

Society. (f-g) Adapted with permission from [75].

1.6.4 Patterning using Physical Properties of Liquids

While the structuring techniques mentioned above make use of hydrogel precursor solutions that are polymerized
either on a patterned surface or in a spatially controlled way using light, they are not making use of any fluid
properties the precursor solutions could provide to shape the final material. By contrast, the surface tension of the
precursor solution was used in an open microfluidic system for layer-by-layer production of complex hydrogel
shapes. [78] The meniscus of the precursor solution is pinned between the previously formed gel layers and a
suspended mold, with which the shape of the meniscus is defined, prior to the polymerization of the monomers,
as illustrated in Figure 1.9a. [78] Built structures using this open-microfluidics method are shown in Figure 1.9b.
However, while the thickness of the layers can be as low as 100 - 500 um and overhanging structures can be printed

due to the water-air interfacial tension, the in-plane resolution is only on the millimeter scale. [78]

Another method that uses the physics of fluids to pattern materials is to employ a laminar flow, which leads to well-
defined liquid-liquid interfaces if two liquid phases meet. Laminar flow is observed at low Reynolds numbers, a
nondimensional number defined as Re = uD /v, with u being the flow rate of the fluid, D the characteristic length
scale of the system, and v the kinematic viscosity of the fluid. In a recent example, a Hele-Shaw cell, which is defined
as a microfluidic cell with a thickness being much smaller than its width and length, [93] is used to pattern 2D
elastomer sheets. Different viscous elastomer precursor solutions are poured into the Hele-Shaw cell from
prefabricated holes in the ceiling, from where they start to slowly flow until the menisci of the two different
solutions meet. [76] Due to very low Reynolds numbers, the phases form a stable interface when they meet to form

a continuous elastic sheet after curing, as shown in Figure 1.9¢c. [76]

The deformation of liquids can also be used to pattern hydrogels by forming monodisperse water-in-oil emulsion
drops that are stabilized with surfactants. Monodisperse drops self-assemble in a well-ordered hexagonal close-

packed lattice. [77] When the oil between the aqueous drops evaporates, drops start to deform to form a prismatic
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hexagonal pattern, in which the planar interfaces are stabilized by the surfactants. [77] The patterned structure
with locally varying compositions and stiffness gradients across the grain boundaries can thereafter be cured using

UV light, as shown in Figure 1.9d. [77]

However, these presented techniques that make use of the physics of fluids to pattern materials are again limited
to two dimensions. A common method to fabricate soft materials in three dimensions is extrusion-based 3D

printing, which | will address in the next subchapter.
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Figure 1.9: Structuring of materials using surface tension and flow. (a-b) An open microfluidic method employs (a) a freestanding mold to guide the meniscus
of an aqueous phase that is subsequently polymerized to form (b) multi-component, overhanging structures, as well as material gradients. (c) Elastomer
patterning inside a Hele-Shaw cell using laminar flow. Scale bar = 2.5 cm. (d) Hexagonal patterning of surfaces using water-in-oil drops. The drops self-assemble
in a hexagonal close-packing (left) before the oil starts to evaporate (center), leading to a continuous hexagonal pattern after the oil is fully evaporated (right).
(a-b) Adapted with permission from [78]. Copyright 2022 Royal Chemical Society. (c) Reprinted with permission from [76]. (d) Adapted with permission from
[77]. Copyright 2022 American Chemical Society.

1.6.5 Patterning via 3D Printing

A technique that allows to shape hydrogels in three dimensions is extrusion-based 3D printing. [94], [95] There are
well-defined rheological requirements for a precursor to be printable into a freestanding structure. An extrudable
ink needs to yield at a pressure the printer is able to exert onto the ink. It needs to be shear-thinning, which means
that the viscosity of the ink decreases with increasing pressure. Finally, an ink must be shape-retaining at
atmospheric pressure, meaning that it stops to flow as soon as the pressure that is applied during the extrusion is
removed. These rheological properties can be obtained by adding rheological modifiers, such as nanoparticles, clay
or nanofibrils, to only name a few, to the precursor-containing solution. [95] One prominent example of such an
ink is composed of a hydrogel precursor solution that contains cellulose nanofibrils. Upon extrusion the nanofibrils
align parallel to the printing nozzle. [96] This leads to the desired rheological properties for printing, as upon
alignment of the fibrils the viscosity decreases. Additionally, aligned nanofibrils lead to anisotropic swelling of the
resulting crosslinked hydrogel and hence internal stresses upon swelling, which cause a deformation in three
dimensions. The concept of cleverly structuring 2D films to obtain complex 3D structures via self-morphing, which

| have reviewed in a previous subchapter, is hence translated to the world of 3D printing. [96] More detailed
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information on this concept, called 4D printing [97], or more generally on 3D printing [79] can be found in recent

reviews.

So far | have reviewed fabrication processes to structure hydrogels on the micrometer scale that are accomplished
using one step: precursor solutions, that may contain hard fillers such as fibers, are brought into a desired shape
before polymerization, or are locally selectively polymerized. This one-step processing strongly limits the control
over the local chemical composition and mechanical properties, such as stiffness or toughness, within 3D printed

materials.

Nature can fabricate materials with very well defined, abruptly changing compositions and structures. In the next
chapter, | will closer examine an intricate structure fabricated by an animal that features spatial variations in
composition and structure on the micron to submicron scale. It shows extremely advantageous mechanical
properties such as stiffness and toughness, which is caused by complex chemistry, but to a big share by its locally
varying compositions. Its fabrication process shows both temporal and spatial complexity, and adds yet another

mechanism to the fabrication process: compartmentalization of precursors that are subsequentially assembled.

1.7 Compartmentalization to Fabricate Microstructured Hydrogels

1.7.1 Inspiration from the Mussel Byssus

A prominent example of a natural hydrogel that shows exceptional fracture energy is the mussel byssus, an acellular
holdfast with which mussels attach themselves to the rocky seashore. The byssus strands are composed of a fibrous
core that is surrounded and protected from abrasion by a cuticle layer, which is fivefold harder than the fibrous
core while still being fairly stretchy. [98]-[101] It has been observed that mussel species living in the peaceful
subtidal region produce a cuticle that undergoes catastrophic failure at around 30% strain, while the cuticle of
species that are exposed to heavy waves in the intertidal zone only breaks at around 70% strain, as shown in Figure
1.10a and 1.10b, respectively. [100] A fundamental difference between the cuticles produced from subtidal and
intertidal species is their microstructure. Subtidal species produce a spatially homogeneous cuticle. In contrast, the
cuticle of intertidal species that withstands higher stretches shows a granulated microstructure consisting of
stretchy and soft inclusions surrounded by a continuous matrix, as shown in Figure 1.10c. [100], [102]. Interestingly,
prior to catastrophic failure of the granulated cuticle, microcracks form within the matrix, which are blunted by the
granules. [98], [100] These microcracks, also called tears, are shown in Figure 1.10d. The crack arresting leads to
voids and cavities that eventually coalesce at high strains. This crack blunting mechanism induced by the granulated

microstructure may hence explain the high strain at break compared to unstructured cuticles.
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Figure 1.10: The microstructure of the mussel byssus and its cuticle layer. (a,b) SEM images of a mussel byssus strand of a (a) intertidal species at 50% strain
and (b) a subtidal species at 30% strain that underwent catastrophic failure. (c) TEM image of a cross-section of the mussel byssus showing the thread interior
and its protective microstructured cuticle. (d) SEM image of a granulated cuticle with microcrack formation and void opening. (a-d) Reprinted and adapted

with permission from [100].

The intrinsic tradeoff between hardness and extensibility, that many biological and industrial coatings suffer from,
is overcome in the byssus cuticle by a granulated microstructure. As similar types of crosslinks are used inside and
outside of the granules, which are covalent and coordinated crosslinks, [103], [104] the interface is strong and does

not weaken the material.

1.7.2 Processing of the Mussel Byssus

The question arises how the mussel produces such a tough and strong material at atmospheric pressure, solely with
the resources available in their direct environment. Additionally, the byssus fabrication is rapid, it takes only a
couple of minutes. [105] An important factor that leads to the microstructure as well as the strong interfaces is the
use of prefabricated precursors that are stored at high concentrations within compartments. Upon material
production, these precursors are released and self-assemble into superstructures. Thereby, the precursors used for
the core, the cuticle, or the plaque, which is responsible for strong adhesion to rocks, are separately produced and

stored and can be locally released. [99]

The fibrous core is built from liquid crystalline precursors that are pre-ordered via self-assembly during storage in
the secretory vesicles. [99] Those precursors are subsequently assembled on larger scales in the foot groove via a
biologically controlled process that includes mechanical forces to form the fibrous core, reminiscent of a fiber
pulling process. [99] Similarly, the membrane-bound precursors of the cuticle are pre-assembled in the cuticle
glands and consist of two immiscible protein phases: a proto-granule, rich in DOPA proteins, surrounded by the
proto-matrix, rich in sulfur. [106] Similar to the precursors of the core, the pre-assembly of the liquid-liquid core-
shell structures in compartments is guided by a thermodynamic process, which is phase separation. [106] A cross-
section of the mussel foot that shows the cuticle vesicles full of precursors is shown in Figure 1.11a. Upon secretion

into the mussel foot and onto the fibrous core, the proto-matrix coalescences and the precursors spread to result
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in a continuous granular coating. [106] Coalescing proto-matrices in a cuticle gland prior to release onto the core
are shown in Figure 1.11b. Thereby, the proto-granules retain their shape. Note that there is a clear temporal
sequence between core and cuticle formation. [99] Further, the mechanical reinforcement of these protein-based
structures through the formation of metal ion coordination bonds takes place during a second step via infiltration
of metal ions, including iron and vanadium. [106] The process of precursor secretion, assembly, coalescence and

reinforcement with metal ions has been nicely summarized by Jehle et al., as shown in Figure 1.11c [106].
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Figure 1.11: Fabrication of the mussel byssus cuticle. (a) Histological longitudinal thread section showing coalescing cuticle precursors inside the cuticle vesicles
and spreading on the core. (b) TEM image of a cuticle gland showing vesicles that are about to be released onto the core. While the proto-granules remain in
their shape the surrounding proto-matrix is coalescing. (c) Schematic illustration of the cuticle fabrication process. Stored cuticle precursors are secreted onto
the fibrous core where they spread to build a continuous coating. The cuticle is mechanically reinforced in a second step by metal ion coordination complexes.

Adapted from ref. [106] under the Creative Commons License.

The mussel developed a highly intricate process to fabricate mechanically strong and tough polymeric materials,
which includes the formation of precursors via thermodynamic processes, their assembly through temporal and
spatial sequences, and biologically guided processing steps such as fiber drawing. Key to this process is the
compartmentalization, in which precursors are first produced and separately stored at high concentrations before
they are assembled into a bulk, highly structured material. A process that bears not the same complexity as the one
employed for the fabrication of the mussel byssus, but resembles it in terms of prefabrication of components,

followed by their assembly, is microgel-based fabrication of bulk hydrogels.

1.7.3 Microgels as Building Blocks
The IUPAC definition of microgels reads as “particle of gel of any shape with an equivalent diameter of
approximately 0.1 to 100 um.” [107] They start to be heavily used in biomedical engineering [108] especially in cell

culturing, [109] but more recently also in adhesion science [110] and soft robotics. [111]
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Microgels are pre-fabricated and assembled into a macroscopic structure in a second step. This two-step process
bears a great advantage in terms of design freedom, as microgels can be pictured as individual and modular building
blocks that are assembled to form a designer bulk material. This freedom of design to fabricate three-dimensional
structures using microgels with different functionalities like LEGO®© building blocks was nicely demonstrated: in a
proof-of-concept example magnetic, thermo-responsive, and light-sensitive microgels were assembled into a
multifunctional superstructure. [112] The structure can reversibly contract upon light exposure or heating to move
through restrictions, re-swell to grip cargo, while it is steered through a maze using a magnetic field. [112] In
another example, host-guest interactions and hydrogen bonds are employed to assemble different batches of
microgels with different compositions and functionalities that are used for cell culturing and to build an

optoelectronic device. [113]

1.7.4 Fabrication of Microgels

Microgels can be prefabricated using various methods that have been thoroughly reviewed and were nicely
presented by Daly et al., [108] here reprinted as Figure 1.12. | will present some essential methods and give
examples in which they have been employed. The most common method to fabricate microgels is batch
emulsification, in which an aqueous hydrogel precursor solution is emulsified to form water-in-oil drops. The
monomers contained in the drops are subsequently polymerized using UV light, to transform drops into microgels
before the microgels are washed. [108] This method has a relatively high throughput and is easily applicable to the
production of spherical microgels that are polydisperse. However, the degree of control over the size of the
microparticles is limited. [114] An emulsion-based method to obtain monodisperse, spherical drops that can be
converted into microgels with well-controlled sizes is to employ microfluidic devices. Water-in-oil drops are
produced using micron-sized channels that to a big extent determine the size of the resulting drops. [115]-[117]
However, microfluidic methods still suffer from relatively low throughputs. Hence, the throughput must be traded
off with the microgel size control. | would like to point out that the fabrication methods presented above, such as
molding or photolithography are also applicable for the fabrication of microgels: molded, highly anisotropic
microgels were used to guide the alignment of nerve cells for injectable reconstituting implants. [118] A microfluidic
technique is used to fabricate large, anisotropic, cell-laden microgels that can be directly printed into tissue
engineering platforms using the outlet tubing. [119] A photolithographic technique is used to pre-fabricate cell-
laden microgels that are subsequently assembled into superstructures within an oil bath. [120] However, while
these last three methods allow to fabricate designer microgels, even with controlled aspect ratios, they suffer from

a limited throughput.

A high throughput method to produce microgels is mechanical fracturation. However, compared to other methods
presented so far, this technique offers very limited control over the microgel size and shape. Nevertheless, ball

milling has been used to fabricate a microgel-based bio-inspired glue for haemostatic sealing. [110]
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Figure 1.12: Summary of the production of hydrogel microparticles (HMPs), herein called microgels. Reprinted from [108] with permission. Copyright by

Springer Nature 2020.

1.7.5 Assembly of Microgels

There are different methods to assemble microgels into three-dimensional structures, as has been shown in a
recent review. [108] This includes, for small scale assemblies, the use of acoustic waves [121], tiny robots [122], or
microfluidic rails [123] or channels. [113] However, for the assembly of microgels into bigger structures molding or
extrusion-based 3D printing are often employed. To enable 3D printing, microgels are often up-concentrated until
they touch each other and hence, experience inter-microgel friction. These jammed microgels are indeed excellent
inks for 3D-printing as they fulfill the rheological conditions for extrusion that | have presented above: [108], [124]
Due to inter-microgel friction, they resist gravity and do not undergo spontaneous flow. When a pressure that
exceeds the yield stress of the jammed microgel is applied, microgels start to flow, which leads to a shear-thinning
behavior. Once the pressure is removed, the friction between microgels prevents them from flowing, which makes
them shape-retaining. [125] The shape and size distribution of microgels influences their rheological behavior if
jammed: non-spherical microgels show a higher yield stress and display more friction than spherical ones. [114]
Due to these rheological properties, microgels can be directly printed into free-standing structures [126] or they

can be used as supportive bath to support other printed structures before their solidification. [127], [128]
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The implementation of microgels, which can be pictured as pre-fabricated precursors of the bulk hydrogel,
somewhat resembles the two-step fabrication process of the mussel byssus with spatial and temporal complexity.
Additionally, bulk hydrogels fabricated from microgel templates intrinsically feature a microstructure that can be
controlled by tuning the properties of the microgels. Using microgels as building blocks for the fabrication of bulk
hydrogels is hence a straight-forward mean to study the influence of the microstructure on the mechanical
properties of bulk hydrogels. | will now discuss how microgels can be used to fabricate microstructured hydrogels

that feature the double network toughening mechanism.

1.8 Mechanics of Tough, Microgel-Reinforced Hydrogels

Traditional double networks are usually fabricated in a two-step process that includes swelling of the molded first
network in the precursor of the second network, before the second network is polymerized. [34] The swelling of
the first network limits the dimensional control of the final piece and complex shapes cannot be achieved. A way
to overcome this swelling step after molding is to introduce the first network not as a continuous bulk hydrogel,
but as microgels. [129] This allows to fully swell the microgels in the precursor solution of the second network prior
to molding. The swelling step is hence done prior to the shape-giving process such that it does not compromise the

shape fidelity of molded or 3D printed parts.

From a mechanical point of view, it was observed that two independent PAMPS sheets can be strongly linked
together purely by the second network. [130] Peeling tests revealed that if the crosslinker concentration of the
second network is optimized, the hydrogel with the discontinuous first network could match the fracture energy of
a double network with a continuous first network. [130] Two distinct PAMPS hydrogel sheets strongly linked
together solely by the second network during a peeling test are shown in Figure 1.13a. The same mechanically
strong linkage of non-continuous PAMPS components by the second network also takes place if not two distinct
PAMPS hydrogel sheets are used, but if the first network is added as a fine powder of microgels instead. [130]
Interestingly, if the crosslinker density of the second network is properly adapted, the fracture energy of the
microgel-reinforced hydrogels can even exceed the fracture energy of a classical bicontinuous double network, as
shown in Figure 1.13b. [130] The continuity of the first network is hence not needed to reach a high fracture energy.
[130] This was, for example, demonstrated on microgel-reinforced hydrogels composed of PAMPS microparticles
that were embedded in a second PAAmM network. The volume fraction of the microgels and the molar ratio between
the PAMPS and the PAAm inside the microgels are the important factors that determine the mechanical properties
of the resulting material. [131] Using cyclic loading experiments it was revealed that the ratio between the total
dissipated energy and the amount of present PAMPS chains is more than threefold higher for microgel-reinforced
hydrogels compared to bicontinuous DN'’s. The dissipated energy per cycle normalized by the number of available
PAMPS chains is shown as a function of the maximum strain of each cycle in Figure 1.13c. [132] Further, the bulk
double network is initially much stiffer than the granular counterpart. However, already after having been stretched

to 200%, the stiffnesses of the bicontinuous double network and the microgel-reinforced hydrogels are similar.
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[132] The initial moduli of bicontinuous DN’s, pure PAAm and microgel-reinforced hydrogels as a function of the
maximum strain a sample underwent during the previous cycle are shown in Figure 1.13d. This may strengthen the
view of Gong that initially load-bearing PAMPS chains aligned in direction of pull break, causing the rapid decrease

of Young’s modulus as a function of the maximum strain per cycle.

b C

AN
Ay-r T

=

0.3

s E

F1200 1 04 * Aoy i
3 . %MR ; © .T- e
3 - DN gel 1 o3 : . g o2t % s E,..
g E = < i
2 0.2 w N o
ot 1< . 2 "-.\ly?’“: =3
£ 2 0.1 \J Erave
3 400 i o1 . . 3 '
g P-DN gel | iy = [ ——— —_——
w 0.0F weeas ¥ TP S R -

o ‘\.‘ . T il - sl . i i i " i 00 L n L 1 L

0 10° 10 10 10 0 2 4 6 8 0 2 4 6 8
2nd cross-linking density (mol%) Strain & (mm/mm) Engy (MM/MIM)

Figure 1.13: Double network hydrogels with discontinuous first networks. (a) Image of a peeling test of a sample consisting of two separate PAMPS sheets that
are connected by the second network. The same fracture energy is obtained as for a bicontinuous double network hydrogel. (b) Fracture energy as a function
of the crosslinking density of the second network for a bicontinuous double network (DN gel) and a hydrogel with a particle-based first network (P-DN gel),
herein called microgel-reinforced hydrogel (MRH). (c) Cumulative fraction of broken c-c bonds in the first network during cyclic loading for a double network
hydrogel (black) and a microgel-reinforced hydrogel (red) as a function of the maximum strain of every cycle. (d) Evolution of the Young’s modulus during
cyclic loading for a double network hydrogel (black), a microgel-reinforced hydrogel (red), and pure polyacrylamide (PAAm) as a function of the maximum
strain of every cycle. (a-b) are adapted from [130] with permission. Copyright 2011 American Chemical Society. (c-d) are adapted from [132] with permission.

Copyright 2012 American Chemical Society.

1.9 Applications of Engineered Hydrogels

Ttraditional human-made robots and machines often rely on feedback loops that consist of a sensor to sense
environmental factors, a computer to analyse the recorded data and to steer a third, active component that will
move or react. These components, as well as the electronic data transmission between them, often rely on stiff and
bulky components, which makes the entire system unsuitable for many applications. This is in stark contrast to
many plants, in which small local changes in soft components lead to macroscopic actuation. [133] Concept-wise,
it would hence, also for human-made machines and robots, be favourable to make use of machine building blocks
that locally sense their environment and at the same time react to it. Many soft materials do show this desired
feature and are intrinsically responsive to their environment, making them fascinating building blocks for smart
systems, [134], [135] or physically intelligent systems. [136] For soft robots and machines, hydrogels are excellent
candidates for this endeavour, [137], [138] as they react to stimuli such as temperature [92], [139]-[142], ionic
strength [143], pH [144] or, when properly designed, to light [90] or magnetic fields [145], [146]. Hydrogel
“machines” [137], [138] can hence be used for applications such as soft robots [147]-[149], microgrippers, [90],
[92] microswimmers [145], [146], or drug delivery vehicles. [150] However, only the recent progress in terms of
mechanical properties of hydrogels, such as stiffness and toughness, enabled their more frequent use in real-life

applications. [2], [61]
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Hydrogels that are strong and tough are, due to their high water content, also brilliant candidates for interfaces
between the human body and artificial systems. This includes the interface between the human body and electronic
devices, and has been widely reviewed, [151] or with a focus on conductive hydrogels. [152] Additionally, tough
hydrogels are excellent candidates to be used as wound sealing, which has been shown using a bulk hydrogel tape
[153] or particle-based hydrogel wound sealings. [110] Lots of fascinating developments have been done in the
field of tough hydrogels, opening up daily life applications society will benefit from. Thereby, microgel-reinforced
hydrogels, or more generally, granular hydrogels, show great advantages in terms of design freedom and
processing. In my thesis | will address how the size and shape of microgels influence the stiffness and toughness of

microgel-reinforced hydrogels.
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Chapter 2

Scope of the Dissertation

Progress in engineering domains, such as biomedical engineering or soft robotics, often goes hand in hand with the
development of new materials that can withstand more load than their predecessors. A lot of ongoing research
efforts are therefore devoted to the development of advanced soft materials that are strong and tough. To achieve
this endeavor, nature is a constant source of inspiration, as natural soft materials are still superior in terms of
combining stiffness and toughness, compared to their synthetic counterparts. A major difference between natural
and synthetic soft materials is their structuring. While natural materials are often structured on different length
scales, many synthetic soft materials still lack structuring on the micro and meso length scales and have only well-
defined structures on the molecular level. In this dissertation, | investigate how the microstructure of hydrogels
influences their mechanical properties, such as stiffness and toughness, and introduce a microfluidic device that
provides superior control over the microstructure of hydrogel sheets. | hope that the present work will contribute

to the advancement of stiff yet tough hydrogels, and to introduce functionalities into them.

Structure of the Dissertation

The dissertation is divided into four following chapters. In chapter 3, | investigate how the size and volume fraction
of reinforcing microgels influence the processing and the resulting strength and energy-dissipative mechanisms of
microgel-reinforced hydrogels. In chapter 4, | address how the volume fraction of microgels, their size, and degree
of swelling influence the stiffness and fracture energy of microgel-reinforced hydrogels. In chapter 5, | present a
microfluidic Hele-Shaw cell featuring capillary traps that enables the fabrication of hydrogel sheets with abrupt
compositional changes on the 100 um length scale. The chapters 3 and 5 are based on published, peer-reviewed
papers, to which | contributed as a first author. Chapter 4 is adapted from a manuscript that is in preparation for
submission, to which | contributed as a first author. Finally, | conclude the present work with a conclusion and an

outlook on future research in chapter 6.
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Chapter 3

Does the Size of Microgels Influence the
Toughness of Microgel-Reinforced
Hydrogels?

In this chapter we investigate how the size and the size distribution of microgels influence the rheological properties
of the hydrogel precursors and hence their processing, and the mechanical properties such as stiffness and
toughness of the resulting hydrogels. We find that the stiffness and the bulk swelling of microgel-reinforced
hydrogels are insensitive to the microgel size. By contrast, the energy dissipation and the stress at break of

hydrogels reinforced with microgels depend on their size.

The chapter is adapted from the published paper “Kessler, M., Nassisi, Q. and Amstad, E. (2022) ‘Does the Size of
Microgels Influence the Toughness of Microgel-Reinforced Hydrogels?’, Macromolecular Rapid Communications,

n/a(n/a), p. 2200196. doi:10.1002/marc.202200196., authored by Michael Kessler, Quentin Nassisi, and Esther

Amstad.

Michael Kessler and Esther Amstad designed the study. Michael Kessler and Quentin Nassisi performed the

experiments, Michael Kessler and Esther Amstad analyzed the data and wrote the manuscript.
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thank Constance Bouquerel for experimental help and Matteo Hirsch, Alvaro Charlet, Mathias Steinacher,
Huachuan Du, and Robert Style for fruitful discussions. This work was financially supported by the Swiss National

Science Foundation (SNSF, 200020_182662).

38


https://doi.org/10.1002/marc.202200196

Cover design made by Tianyu Yuan, SMal, accepted for the front cover of the journal issue.




3.1 Abstract

Rapid advances in the biomedical field increasingly often demand soft materials that can be processed into complex
3D shapes while being able to reliably bear significant loads. Granular hydrogels have the potential to serve as
artificial tissues because they can be 3D printed into complex 3D shapes and their composition can be tuned over
short length scales. Unfortunately, granular hydrogels are typically soft such that they cannot be used for load-
bearing applications. To address this shortcoming, individual microgels can be connected through a percolating
network, such that they introduce the double network toughening mechanism into granular hydrogels. However,
the influence of the microgel size and concentration on the processing and toughness of microgel-reinforced
hydrogels (MRHs) remains to be elucidated. Here, we demonstrate that processing and toughness depend on the
inter-microgel connectivity, while the stress at break is solely dependent on the microgel size. These findings offer
an in-depth understanding of how liquid- and paste-like precursors containing soft, deformable microgels can be
processed into bulk microstructured soft materials and the effect of the size and concentration of these microgels

on the mechanical properties of microgel reinforced hydrogels.

3.2 Introduction

Double network hydrogels (DN’s) are among the first manmade hydrogels to combine high stiffness and toughness,
thereby resolving an intrinsic trade-off between extensibility and stiffness crosslinked single-network hydrogels
suffer from. [34], [154] Double network hydrogels are composed of a first sacrificial network that dissipates a
significant amount of energy when covalent bonds contained in it are broken, and a second network that is loosely
crosslinked to maintain the mechanical integrity of the hydrogel. [35] This mechanism introduces an exceptional
combination of toughness and stiffness to hydrogels. [34], [36] Bulk DN’s are fabricated in a two-step process: The
first network is often formed by pouring a precursor solution into a mold before the precursors are polymerized.
This network is swollen in a second precursor solution that is subsequently polymerized. Yet, due to this two-step
process that includes swelling of the initial bulk material, dimensional control of the resulting sample is lost, limiting
the field of applications of DN’s. To overcome this limitation, microgel-reinforced hydrogels (MRHs) have been
introduced. [129], [131], [132], [155] Microgels are hydrogel microparticles with diameters in the range of 1-1000
pum. [108] They reinforce bulk hydrogels if embedded in the same [156] or a different type [129], [157] of a
percolating bulk hydrogel. MRHs are produced by swelling pre-fabricated microgels in the precursor solution of the
matrix that is optionally processed into an appropriate shape before the precursor solution is solidified by
polymerizing the precursors contained in it. [157] This microgel prefabrication step offers the distinct advantage
that the dimensions of the resulting sample can be controlled as the swelling of the first network takes place before

the desired shape is fixed, as opposed to classic DN processing.

The processing of microgel-loaded precursor solutions depends on the microgel volume fraction ®: Precursor
solutions containing low volume fractions of microgels behave as liquids. [129] By contrast, precursor solutions

containing microgel volume fractions above a jamming threshold, which is > 58%, depending on the microgel
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characteristics, behave as pastes. [130], [158] Precursor solutions constituted of jammed microgels are shear-
thinning, display a low yield stress and a fast shape recovery such that they are excellent inks for extrusion-based
3D printing. [108], [124] The rheological properties of jammed microgels strongly depend on their shape and size:
non-spherical microgels fabricated via mechanical fragmentation have a higher shear modulus G’ compared to
spherical microgels due to increased inter-microgel friction. [114] Further, monodisperse microgels show a higher
G’ than their polydisperse counterparts. [114] This feature arises from the higher effective volume fraction of
monodisperse microgels, defined as the ratio of the volume fraction and the maximum packing fraction, that is
caused by the lower maximum packing fraction. [159] Lastly, small microgels offer a better printing fidelity than
larger counterparts. [160] However, if not contained within a percolating hydrogel matrix, the resulting 3D printed
granular hydrogels are soft because adjacent microgels are weakly or sparsely connected. We recently introduced
3D printable load-bearing double network granular hydrogels (DNGHs) composed of jammed poly(2-acrylamido-2-
methylpropane sulfonic acid) (PAMPS) microgels that are connected through a percolating poly(acrylamide) (PAAmM)
network. The percolating network interpenetrates the microgels, thereby distributing the stress much more
homogeneously throughout the material than inter-microgel links that are limited to their surfaces do. [125] As a
result, the DNGHs are at least 4-fold stiffer than any other previously reported 3D printable hydrogel.
Unfortunately, little is known on how the microgel size affects the mechanical properties of microgel-reinforced
materials. The stiffness, stress and strain at break, and work to break of dilute systems containing microgel volume
fractions below 30% is primarily determined by the molar ratio between PAMPS and PAAm and the microgel volume
fraction. [131] The toughening of MRHs caused by the microgels is mainly due to internal damages occurring within
individual microgels. The extent to which microgels toughen MRHs depends on the size of microgels and the stress
concentration around them. [155] It has been nicely shown that adjacent microgels show pronounced, highly
localized damage in the close vicinity of their neighboring microgels. [155] However, these effects were solely
analyzed optically on the microscale such that their effect on the macroscopic mechanical properties of MRHs
remains to be elucidated. Moreover, the influence of the dimensions and concentration of microgels on the

rheological properties that determine the processability of the precursor solutions remains to be determined.

In this chapter, we study the influence of the microgel size and inter-microgel connectivity on the stiffness and
toughening mechanism of MRHs. We demonstrate that the stress at break of microgel-reinforced hydrogels is
directly related to the microgel size. The microgel size also affects the rheological properties of the precursor
solution and hence, its processability: larger microgels lead to a higher stress at break of MRHs because these
microgels break over a wider strain range compared to their smaller counterparts. By contrast, small microgels
predominantly break at low strains if contained at high volume fractions within a bulk hydrogel because they are
strongly connected through it. As a result of the strong inter-microgel connections, MRHs reinforced with small
microgels yield and hence display a low stress at break. These findings open up new routes for advanced design

and processing of MRHs that might enable their use as artificial tissues or soft robots.

41



3.3 Experimental Section

3.3.1 Microfluidic Device Fabrication

We produce a microfluidic millipede device from poly(dimethylsiloxane) (PDMS) ((Sylgard 184, Dow Corning, USA)
using soft lithography. The height of the nozzles is fixed to h= 10 um, to result in emulsion drops with diameters of
58 + 3 um. [116] The surface of the PDMS device is made fluorophilic by injecting a HFE7500 solution (Novec, 3M,
USA) containing 2 vol% trichloro-(1H,1H,2H,2H-perfluorooctyl)silane into the channels. The solution is kept in the

channels for 15 minutes before being removed with compressed air.
3.3.2 Microgel Production

Microgels are produced from water-in-oil emulsion drops. The aqueous phase contains 20 wt% 2-Acrylamido-2-
methylpropane sulfonic acid (AMPS) monomer (Sigma-Aldrich, USA), 3 wt% of N,N-methylene bisacrylamide
(MBAA) (Carl Roth, Germany), a crosslinker, and 5 pl/ml of 2-hydroxy-2-methylpropriophenone (Sigma-Aldrich,
USA), a photo-initiator. The oil phase is composed of light mineral oil (Sigma-Aldrich, USA) containing 4 wt% Span80
(TCI Chemicals, Japan), a commercial surfactant. To produce small, polydisperse emulsions, we add the oil and
aqueous phase at a volume ratio of 3:1 into a 50 ml falcon tube and agitate this tube with a vortex mixer during
three times 30 seconds. To produce large, monodisperse emulsions, we employ microfluidic devices. We reduce
the surfactant concentration in the oil phase to 1 wt%. We inject the water-phase into the microfluidic millipede
device at a flow rate Q= 1 ml h™* and the oil phase at Q= 2 ml h using syringe pumps (Cronus Sigma 1000, Labhut,
UK). The produced drops are collected in a vial containing mineral oil with 4 wt% Span80 to ensure good drop
stability during collection. Emulsion drops are converted into microgels by polymerizing the monomers contained
in them for 5 minutes using a UV lamp (320 nm < A < 500 nm, P= 100 W) (Omnicure S 1000, Lumen Dynamics,
Canada) at a distance of 5 cm between the emulsion surface and the light guide. After polymerization, the excess
oil is removed and the microgels are washed three times with pure mineral oil to remove the surfactant. The
hydrophilic microgels are then transferred into water, which is changed three times to remove unreacted
monomers. The fully swollen microgels are frozen using liquid nitrogen and placed in a freeze-dryer (FreeZone 2.5,
Labconco, USA) at 0.03 mbar and -53°C for at least five days to fully dry the microgels. A white powder is obtained,

which is thereafter protected from humidity until its utilization.

3.3.3 Microgel Characterization

The size distributions of the different microgel batches as-prepared, swollen in water, or swollen in the matrix
precursor solution are measured from optical microscopy images. The diameters of the microgels and their size
distribution are analyzed using image) and N > 100 microgels for each dataset. Images of the freeze-dried
microgels are taken using a scanning electron microscope (Gemini, Carl Zeiss, Germany). The microgels are fixed on

the sample holder with carbon tape and coated with 20 nm of Au (Q150 Plus, Quorum Technologies, UK). The
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energy of the electron beam is set to 3 kV and the working distance to 6 mm. The images are recorded using a

secondary electron detector.

3.3.4 Microgel Swelling
The swelling ratio r is defined as Dy, /Dy Here, Dy, is the microgel diameter if fully swollen in water and D, that

in the as-prepared state if dispersed in oil.

3.3.5 Fabrication of Microgel-Reinforced Hydrogels (MRHs)

To fabricate MRHs the required amount of dried microgels is weighted in an Eppendorf tube using a microbalance.
An aqueous acrylamide (AAm) (Sigma-Aldrich, USA) solution containing 30 wt% AAm, 0.1 wt% MBAA relative to the
monomer concentration, and 1 pl/ml of photo-initiator is pipetted into the Eppendorf. The resulting solution is
protected from light with aluminum foil and left overnight at ambient temperature to ensure that the microgels

swell to equilibrium in a solution containing AAm.

Depending on their rheological behavior, the solutions are either pipetted or poured into molds to fabricate MRH
samples. The monomers contained in the precursor solution are polymerized in an UV oven (A =365 nm, P =2 mW
cm™) (UVP CL-1000, Analytik Jena, Germany). Molded samples for mechanical testing and bulk swelling
experiments are produced in PTFE molds that are covered with glass slides. The monomers are polymerized for 15
minutes. 3D printed samples are manufactured using a commercial bio 3D printer (BIO X, Celllink, Sweden) and are

subsequentially polymerized for 15 minutes.

3.3.6 Microgel Volume Fraction Measurements

The microgel volume fractions in the samples are measured using a confocal microscope (Nikon Eclipse Ti2-E
inverted microscope). Sheet-like samples are produced in a customized mold made of two glass slides that are
separated by scotch tapes. To image samples reinforced with small, polydisperse microgels we employ 60 um thick
spacers, to image those reinforced with large, monodisperse microgels we use 300 um thick spacers. To render the
microgels fluorescent, we add 5 ug of Cresyl Violet Perchlorate (Sigma-Aldrich, USA) per mg of microgels to the
AAm solution. The samples are illuminated with UV light for 5 minutes for crosslinking the matrix precursor solution.
Z-stacks are recorded using a confocal microscope and the area fraction is found by tresholding each z-slice. The
volume fractions are calculated as the average of all the z-slices of a z-stack. Three z-stacks are recorded and

analyzed for each dataset.

3.3.7 Tensile Testing

For mechanical testing dogbone-shaped samples with a thickness and width of 2 mm and 5 mm, respectively, and
a gauge length of 10 mm are produced. They are tested with a Universal Tensile Test Machine Zwicky 5 kN (Zwick
Roell, Germany) with a 50 N load cell. The samples are gripped with a pressure of 3.5 bar using a hydraulic clamping

system. The test speed is 100 mm/min and a preload of 0.005 N is applied before the start of the test. For stress-
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strain curves at least two precursor solutions are produced per data point and at least three samples are tested for
each precursor solution type. For stress-strain curves of MRHs containing 40 wt% AAm at least three samples per
datapoint are tested. Young’s moduli are analyzed by linearly fitting the data curves between 5 and 15% strain. The
work to break W), is defined as the area under the stress-strain curve of an un-notched sample. For cyclic testing
the samples are loaded to ¢,,,, Of a given cycle and then unloaded to € = 0. The sample is left to relax for 10
seconds and then loaded to &, of the next cycle, until rupture of the sample. The dissipated energy AUy, of a
given cycle is calculated as the area between the loading and unloading curve between ¢ = 0 and &,,,, of any given
cycle. The compressive stress at € = 0 is recorded as the first value of the loading curve. For cyclic testing at least

three samples are produced and measured for each datapoint.

3.3.8 Bulk Swelling Measurements

To measure the bulk swelling of MRHs, discs with a diameter of 7.7 mm are produced. They are soaked in deionized
water for a week and their swollen diameter is measured using a digital caliper. The swelling ratio is defined as the
diameter ratio between the fully swollen and as-prepared disks. For each datapoint three disks are produced and

analyzed.

3.3.9 Rheological Measurements
Rheological measurements were performed at room temperature using an 8 mm diameter parallel plate geometry
and a gap of 1 mm. Frequency sweeps were performed at 0.5% oscillation strain. Amplitude sweeps were

performed at an angular frequency of 1 rad/s. Three experiments were conducted per microgel concentration.

To determine the contribution of the inter-microgel friction to the overall sample stiffness, we perform an in situ
gelation experiment on the rheometer. An AAm precursor solution containing 25 g/I microgels is loaded on the
rheometer at room temperature and its storage modulus G’ is measured. At t = 50 s the UV lamp is switched on
to initiate the polymerization of the PAAm network while G’ is recorded. We use a DHR-3 TA Rheometer with an 8
mm diameter parallel plate steel geometry and the gap is set to 800 um. The strain is fixed to 1% strain and the

frequency to 10 rad s™2.
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3.4 Results and Discussion

3.4.1 Fabrication of Microgel-Reinforced Hydrogels (MRHs)

To control the size of microgels, we fabricate them from water-in-oil emulsion templates. Large emulsion drops are
produced in a parallelized microfluidic device, the millipede device [116], as depicted in Figure 3.1a. Small emulsion
drops are made by mixing an aqueous solution containing the microgel precursors with the oil containing
surfactants and vortexing it, as schematically shown in Figure 3.1b. To prepare microgels that strongly swell such
that they can be loaded with a large quantity of the matrix precursors we employ an electrolyte monomer, AMPS.
We use mineral oil as a continuous phase because it has a much lower O,-solubility than the fluorinated oils that
are more commonly used in microfluidics. [161], [162] Too high concentrations of O, tend to terminate radical
polymerization reactions and hence hamper the conversion of emulsion drops into integral microgels. The
fabrication process of microgel-reinforced hydrogels starting form emulsion templates is depicted in Figure 3.1c.
Emulsion drops are converted into microgels by exposing them to UV light to initiate the radical polymerization of
the precursors contained in them. The resulting microgels are washed and fully swollen in water before they are
freeze-dried to obtain a fine powder, as shown on SEM images in Figure 3.1d and 3.1e. The obtained powder can
be precisely weighted to control the microgel content within MRHs. The dried microgels are swollen overnight in
the acrylamide (AAm)-based matrix precursor solution, as depicted in Figure 3.1c and shown in the optical
micrographs in Figure 3.1f and 3.1g. The resulting mixtures are molded or printed before the matrix precursors are
polymerized to obtain MRHs with controlled microgel volume fractions. The diameter of large microgels is 147 + 15
um, resulting in a coefficient of variation (CV) of 10%, whereas their small counterparts are five-fold smaller and
more polydisperse with diameters of 32 £+ 10 um and a CV of 30%, as shown in Figure 3.1h and 3.1i. The
microstructures of the resulting MRH samples reinforced with large or small microgels are schematically shown in
Figure 3.1j and 3.1k, respectively. Note that while small microgels do not show sedimentation we observe
sedimentation of the large microgels over tens of minutes. However, the relatively fast polymerization process used

here ensures that microgels are homogeneously distributed within our MRHs.
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Figure 3.1. Fabrication of microgel-reinforced hydrogels (MRHs). (a-b) Schematic illustrations of the emulsification (a) with a microfluidic millipede device to
produce large water-in-oil drops and (b) through vortexing to produce small, polydisperse water-in-oil drops. (c) Drops are converted into microgels through
UV polymerization of the monomers contained in them. Microgels are washed, freeze-dried, weighted and swollen in an acrylamide (Aam) solution, which is
subsequentially polymerized. (d-e) SEM images of freeze-dried microgels for (d) large and (e) small microgels. (f-g) Optical micrographs of reswollen (f) large
and (g) small microgels. (h-i) Size distribution of the (h) large and (i) small microgels swollen in deionized water. (j-k) Schematic illustrations of the resulting
microstructure of MRH reinforced with (j) large and (k) small microgels. (I) Microgel degree of swelling for small microgels and two different batches of large

microgels. Reproduced from [163] under the Creative Common License.

To study the influence of the microgel size on the stiffness and toughness of MRHs their stiffness must be identical.
Because our microgels are produced from identical precursor solutions their stiffness is inversely proportional to
their swelling ratio, as their osmotic swelling is solely limited by the stiffness of their network. [14] To test if the
size of emulsion drops influences the degree of polymerization of precursors contained in them and hence the
stiffness of microgels, we quantify their swelling ratio as a function of their size, as detailed in the subchapter 3.3.4.
We do not observe any influence of the microgel size on their swelling ratio, as shown in Figure 3.1l. Hence, we can

exclude any effect of the drop size or emulsification method on the stiffness of our microgels.

3.4.2 Microgel Volume Fraction
The stiffness and toughness of MRHs strongly depends on the microgel volume fraction. [131] To enable systematic

studies of the microgel size on the stiffness and toughness of MRHs, we must ensure equal microgel volume
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fractions ®@. The experimental parameters that affect ® are the microgel swelling ratio, the initial monomer content

and the mass of dry microgels that is added to the sample. These factors are found after following calculations.

Theoretical Calculation of Microgel Volume Fraction
The volume fraction of microgels is calculated as the volume occupied by them divided by the sample volume. The

volume occupied by fully swollen microgels ;,,, can be calculated as:

m

Vew = (3.1)

Psw’

Here, m is the polymer mass of the microgels, and py,, is the polymer mass per volume of swollen microgels. The

polymer mass in a microgel population can be calculated from the as-prepared, unswollen state:
m = PapVap- (3.2)

Here, p,y, is the polymer mass per volume of as-prepared microgels when dispersed in oil (wt%/vol%), which is the
monomer weight added per volume of the aqueous solution. 1, is the volume of as-prepared microgels. As the

polymer weight in a microgel population is the same in the as-prepared and the swollen state we find

V.
Pap — Tsw — 4 (3.3)
Psw Vap

Here, r is defined as the volume swelling ratio between the swollen and the as-prepared state of microgels. The

resulting volume occupied by a microgel population is hence

Vow = = (3.4)

Pap

Because the swelling ratio of the two microgel batches is equal, we expect them to yield in the same & if equal
amounts of dry microgels are added to the precursor solutions. To test our expectation, we perform confocal
microscopy on our MRHs. To facilitate visualization of the microgels, we fluorescently label them with a positively
charged dye, cresyl violet, as exemplified in Figure 3.2a. [164] We find that & indeed linearly increases with
increasing mass of added microgels, independent of their size, as summarized in Figure 3.2b. The slightly higher
datapoint for large microgels at 5 g/l can be attributed to preferential spreading of the aqueous matrix precursor
solution along the hydrophilic glass mold, an effect that is inhibited by the higher apparent viscosity precursor
solutions containing higher microgel volume fractions display. Representative tresholded z-slices for samples

reinforced with large and small microgels with different volume fractions are shown in Figure 3.2c-h.
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Figure 3.2. Microgel volume fractions. (a) Confocal microscopy image of a MRH reinforced with 60 vol% stained large microgels. The yellow line indicates a z-
slice. (b) Microgel volume fraction @ as a function of the added dry microgel mass. The solid lines are linear fits of the experimental data. (c-h) Tresholded z-
slices of MRHs reinforced with (c-e) large or (f-h) small microgels. The images correspond to (c,f) 20 vol%, (d,g) 40 vol%, and (e,h) 60 vol% microgels. Note that
the presented images are z-slices where the microgels appear more polydisperse than they are in three dimensions, as not all of them are imaged in their

center. Reproduced from [163] under the Creative Common License.

3.4.3 Processing of Microgel-Loaded Precursor Solutions into MRHs

The processing of microgel-containing precursor solutions depends on their rheological properties. For example,
liquid-like mixtures can be readily injection-molded whereas paste-like mixtures are excellent inks for 3D printing
as they are shape-retaining and shear-shinning. [108] To assess the processability of our precursor solutions we
quantify the jamming transition of microgels swollen to equilibrium in the matrix precursor solution as a function
of the microgel volume fraction. Solutions containing 20-40 vol% small microgels behave as liquids. Increasing the
volume fraction of these microgels to 60% or above results in a paste-like behavior, as qualitatively shown in Figure
3.3a. This jamming transition is supported by the rheology of our microgel-loaded precursors: the plateau modulus
Gy, defined as the plateau value of G' at small amplitudes, abruptly increases when ® exceeds 40 vol%, as shown
in Figure 3.3b. Remarkably, for matrix precursors containing large microgels, the liquid-solid transition occurs at a
higher microgel volume fraction: while precursor solutions containing small microgels display the solid-liquid

transition at 60 vol%, those containing large microgels show this transition only at 80 vol% microgels, as qualitatively
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shown in Figure 3.3c. Indeed, G,, of these precursors increases 550-fold when @ is increased from 60 to 80 vol%, as
shown in Figures 3d. The viscosities for small and large microgels follow a similar trend, as shown in Figure 3.4a and
3.4b, respectively. The threshold volume fraction above which microgels start to jam depends on their shape [114],
polydispersity [114], external conditions such as pressure and temperature, [14] and most likely also on their size.
Here, we change two parameters simultaneously: the size and polydispersity. However, monodisperse microgels
[15] and colloidal particles [24] jam at lower volume fractions than their polydisperse counterparts because they
possess a lower maximum packing fraction and hence, higher effective volume fraction. [16] Nevertheless, in our
case, small, polydisperse microgels jam at lower volume fractions than large monodisperse counterparts despite
their polydispersity. From this observation we deduce that smaller microgels jam at lower volume fractions, due to
an increased inter-microgel contact area and hence friction. This increased friction for smaller microgels also
manifests itself in the values of G,: While precursors containing large microgels have a G, of 3525 + 490 kPa, the

Gy, of their small counterparts is 1.5-fold higher, 5280 + 330 kPa.
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Figure 3.3. Rheological properties of microgel-loaded precursor solutions. (a,c) Precursor solutions containing varying volume fractions of (a) small or (c) large
microgels. (b,d) Representative amplitude sweeps of precursor solutions containing (b) small or (d) large microgels as a function of the microgel volume

fraction. (b,d) The red arrows indicate the jamming transition. Reproduced from [163] under the Creative Common License.
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Figure 3.4. Representative frequency sweeps of precursors containing different volume fractions of (a) small or (b) large microgels. Reproduced from [163]

under the Creative Common License.

3.4.4 Mechanical Properties of MRHs

Inter-microgel friction between jammed microgels leads to an elastic material at low strains and a G’ of order of
100-1000 Pa. [25] To quantify the contribution from the inter-microgel friction to the stiffness of MRHs, we
polymerize a matrix precursor solution containing 25 g/l microgels in situ on a rheometer. Upon polymerization of
the second network, G’ increases by an order of magnitude from 6 kPa to 60 kPa, as shown in Figure 3.5. This result
indicates that the inter-microgel friction does not significantly influence the elasticity of MRHs, even if the microgel

volume fraction is high.
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Figure 3.5. Gof a mixture containing 100 vol% small microgels before and after the UV light is turned on to crosslink the second network. Reproduced from
[163] under the Creative Common License.

The stiffness of bulk hydrogels reinforced with low microgel volume fractions increases with increasing
concentration of microgels contained in these gels. [6] To asses if this is also the case for hydrogels reinforced with
much higher volume fractions of microgels, we perform tensile tests on our MRHs. Representative stress-strain
curves are shown in Figure 3.6. The stiffness of our MRHs linearly increases with increasing @ until it reaches 60%,
independent of the microgel size, as shown in Figure 3.6 and 3.7a. This result further demonstrates that the two
different batches of microgels possess the same stiffness. By contrast, the stiffness of MRHs depends on the particle
size if the microgel volume fraction exceeds 60%: the stiffness of MRHs containing small microgels plateaus at 60
vol% and becomes even lower at 80 vol%, as shown by the black datapoints in Figure 3.7a. We assign the reduction
in E at 80 vol% to the highly jammed state of the small microgels and the therewith associated high viscosity of the
precursor solution that favors air entrapment, and hence the introduction of voids. MRH samples that are void-free
and those featuring air entrapments are shown in Figure 3.8a and 3.8b, respectively. Note that the inclusion of air

is independent of the processing method as 3D printed samples containing 80 vol% microgels display a similar
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stiffness as their molded counterparts, as shown by the star-shaped datapoint in Figure 3.7a. By contrast, the
stiffness of hydrogels reinforced with large microgels increases monotonically with @, as shown by the blue
datapoints in Figure 3.7a. These results suggest that solutions encompassing large microgels entrap air less

efficiently and hence, are less prone to introducing defects into MRHs if processed at high volume fractions.
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Figure 3.6: Representative stress-strain curves for hydrogels reinforced with small (black) and large (blue) microgels whose volume fraction is @ = (i) 20 vol%,

(ii) 40 vol%, (iii) 60 vol%, (iv) 80 vol%. Reproduced from [163] under the Creative Common License.
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Figure 3.7. Mechanical properties of MRHs. (a-c) (a) Young’s modulus E, (b) bulk swelling and (c) strain at break &;, as a function of the microgel volume fraction
@. Inset in (b): Photographs of fully swollen MRHs made of pure PAAm (left), and reinforced with 40 vol% small (center) or large (right) microgels. (c) The lines

are linear fits to the experimental data. Reproduced from [163] under the Creative Common License.
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Figure 3.8. Images of MRHs loaded on the tensile tester that are stretched to 150% strain. (a) A homogeneous pore-free MRH reinforced with 60 vol% large

microgels. (b) A heterogeneous, porous MRH reinforced with 100 vol% small microgels. Reproduced from [163] under the Creative Common License.

The stiffness of hydrogels typically depends on the density of crosslinks and physical entanglements. [2] The density
of entanglements increases with increasing concentration of precursors the hydrogels are made from. [2] To test if
this is also the case for our samples, we increase the concentration AAm in the precursor solution from 30 to 40
wt%. Indeed, if the AAm concentration is increased from 30 to 40 wt%, the stiffness increases 1.7-2.5-fold,

depending on &, as shown in Figure 3.10a.

The stiffness of MRHs that do not encompass air entrapments is independent of the microgel size, and hence a
volume property. Because the stiffness of hydrogels is directly related to their degree of swelling, we expect the
swelling of MRHs to also be a volume property and hence, be independent of the microgel size. Yet, the degree of
swelling of MRHs should linearly decrease with increasing volume fraction of microgels because pre-swollen
microgels are stiffer than the free-standing matrix. To test this hypothesis, we fabricate disc-shaped MRHs and swell
them in deionized water to equilibrium. We indeed find that the bulk swelling decreases with increasing @,
independent of the microgel size, as shown in Figure 3.7b. However, we observe a nonlinear decrease of swelling
with increasing @ that goes beyond the rule of mixture. We attribute this difference in swelling behavior to an
increased PAAm concentration around the microgels compared to that within the particles, which reduces the
swelling of the free-standing matrix: the solubility of AAm within microgels is lower than that in the surrounding
such that the AAm concentration within the surrounding increases with increasing volume fraction of added
microgels. This increased AAm concentration translates into an increased entanglement density of the polymerized
network. A gradient in PAAm concentration across the microgel surface was reported by others and thought to be
responsible for light scattering. [5], [6] We also observe an increased turbidity of MRHs reinforced with smaller

microgels, compared to their counterparts reinforced with large microgels, as shown in the inset photographs in
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Figure 3.7b. However, we assign this increased turbidity to the increased total microgel surface area present in

MRHSs reinforced with small microgels as these surfaces scatter light.

An important factor that contributes to the toughness of MRHs is their elongation at break &,. For hydrogels
reinforced with small microgels, &;, decreases with increasing @, as shown in black in Figure 3.7c. While samples
containing only 20 vol% small microgels break at 1200%, a value similar to the pristine PAAm, it decreases to 400%
strain at 80 vol% microgels. Similar trends are observed for samples made from solutions containing 30 and 40 wt%
AAm, as shown in Figure 3.10b. We attribute this observation to the densification of the PAAm outside the
microgels, which renders the free-standing matrix more brittle. These results support our findings from the swelling
experiments on the heterogeneity of the PAAmM matrix. At low microgel volume fractions, €, decreases rapidly with
increasing @ of small microgels until the AAm concentration in the surrounding solution saturates. Once saturation
is reached, the decrease in &, with increasing microgel volume fraction becomes slower, as indicated by the two
distinct, monotonically decreasing slopes of the linear fits in Figure 3.7c. Note that a similar trend with two
differently decreasing slopes was found for highly polydisperse non-spherical microgels, although this feature has

previously not been interpreted. [158]

Our results suggest that MRHs containing a high volume fraction of large microgels are significantly stiffer than
those containing the same volume fraction of small counterparts. We attribute the lower stiffness of MRHs
reinforced with small microgels to the air inclusions that are present within these samples. However, because tough
materials, like our MRHs, are rather flaw-insensitive, defects, such as the observed air inclusions, do not significantly

lower the strain at break, such that the microgel size does not influence ¢, as shown in Figure 3.7c.

Another parameter that influences the toughness of materials is the stress at break g;,. This parameter increases
with increasing volume fraction of small, polydisperse microgels until it reaches 40 vol% where it starts to plateau,
as summarized in Figure 3.9a. Note that samples reinforced with 60 or 80 vol% of small microgels start to yield if
sufficiently strained, as can be observed in Figure 3.6iii and 3.6iv. This yielding limits o;,. This behavior is in stark
contrast to MRHs reinforced with large microgels for which no yielding is observed such that they display a
significantly higher g, than MRHs containing small microgels. These results suggest that large microgels stiffen
MRHSs over a more extended strain range than their smaller counterparts. To assess if this difference can be assigned
to the molding process, we 3D printed the samples. 3D printed samples containing 80% small microgels display a
similar g, as their molded counterparts, indicating that these values are related to the precursor composition and
independent of their processing. However, note that the AAm concentration present in the precursor significantly
increases g, at high @, as shown in Figure 3.10c. We attribute this increased o, for an increased initial AAm

concentration to a higher entanglement density and hence increased sample stiffness.

A measure of the toughness of any material is its work to break W,,, herein defined as the area under the stress-

strain curve of an un-notched sample. The work to break of hydrogels reinforced with small microgels displays a
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maximum at 40 vol%, as shown in Figure 3.9b. By contrast, W}, of hydrogels reinforced with large microgels reaches
a maximum at 60 vol%. We obtain similar results for 3D printed samples, confirming that the processing method
does not influence the mechanical properties of MRHs. Remarkably, for both small and large microgels the maxima
in W, are reached for samples made from precursors loaded with the highest microgel volume fraction that still
behave as liquids, as can be seen in Figure 3.3a and 3c. Note, that a similar trend with distinct maxima has already
been observed, yet these maxima were not correlated to the rheological properties of the precursor solutions. [13]

These results suggest that a liquid precursor solution leads to a well-percolated matrix that still provides

extensibility to the sample, opposed to samples with higher &.
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Figure 3.9. Mechanical properties of MRHs. (a) Stress at break o3, and (b) work to break W), as a function of the microgel volume fraction @ (b) The dotted lines

are guides to the eye. Reproduced from [163] under the Creative Common License.
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Figure 3.10. Influence of the PAAm concentration on the mechanical properties of MRHs. (a) Young’s modulus E, (b) strain at break &, and (c) stress at break

0y, as a function of the microgel volume fraction @. Reproduced from [163] under the Creative Common License.

3.4.5 Toughening of MRHs

Effect of the Microgel Connectivity
To better understand the toughening mechanism and yielding behavior some of the samples display, we calculate
the first derivatives of the stress-strain curves, as exemplified in Figure 3.11a. The first derivative is a measure of

how much tensile stress needs to be applied to a sample to stretch it by one unit. MRHs typically dissipate stress
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by irreversibly breaking PAMPS chains. [5] Microgels contained at low volume fractions within hydrogels have been
shown to efficiently break if there are stress concentrations around them; the degree of stress concentration
depends on the size of microgels and their connectivity. [8] To test if we observe a similar trend for hydrogels
reinforced with a high volume fraction of microgels, we compare samples reinforced with small microgels as a
function of their volume fraction. The do /de curves show clear peaks at € = 100% for samples reinforced with 60
and 80 vol% microgels, as shown in Figure 3.11b. These results suggest that a majority of jammed microgels breaks
within a limited strain range. In contrast, we do not observe any clear peak for hydrogels reinforced with 40 vol%
small microgels, indicating that dispersed microgels stiffen MRHs over a wide range of €. Note that at strains >
230%, the dilute sample containing 40 vol% microgels possesses higher do/de values than those containing higher
microgel volume fractions. We assign this remarkable effect to the stress transfer between individual microgels: at
volume fractions of 60 vol% or above the small microgels are jammed. The free-standing matrix around the
microgels, which is enriched with PAAm, efficiently transfers stress between the different microgels. This effect
leads to pronounced breaking of the small microgels already at strains as low as 100%. Samples reinforced with
large microgels only display a clear peak of the do /de curve if they contain 80 vol% microgels, as shown in Figure
3.11c. These observations align well with the ones made for the work to break Wj,: samples that show a clear peak
in Figure 3.11b and 1lc are the ones made from paste-like precursors, which feature high inter-microgel
connectivity, efficient load transfer between the microgels and hence efficient breakage of PAMPS chains at

relatively low strains.

Effect of the Microgel Size

Our results suggest that the network matrix around the microgels and hence, the efficiency of stress transfer
between them strongly affect their breakage and consequently the toughening of MRHs. To test this suggestion
and because we expect the degree of stress transfer to strongly depend on the matrix-microgel interactions in
proximity to the microgel surface, we analyze the effect of the surface-to-volume ratio of microgels. [7] Samples
reinforced with 20 vol% microgels are too soft such that we cannot measure any effect of the microgel size on the
do/de curve, as shown in Figure 3.11d. Hydrogels reinforced with 40 vol% microgels are stiffer at strains < 320%
if small microgels are employed. By contrast, at strains > 320%, hydrogels reinforced with large microgels are stiffer,
as shown in Figure 3.11e. These results suggest that at low @ an increased microgel surface-to-volume ratio favors
breakage of PAMPS chains at low strains. In contrast, a smaller surface-to-volume ratio leads to a stiffening of MRHs
that extends over a wider strain range. The microgel size is hence an important parameter for the design of MRHs.
The same trend is observed for hydrogels reinforced with 60 vol% microgels, as shown in Figure 3.11f. Hydrogels
reinforced with 80% microgels, where small and large microgels are jammed, show a clear peak of the do /de curve
for both tested microgel sizes, as shown in Figure 3.11g. However, the peak measured for samples reinforced with
small microgels is more pronounced. We assign this difference again to the higher surface-to-volume ratio of these

microgels that results in a more efficient stress transfer between them.
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Figure 3.11. First derivatives of stress-strain curves. (a) Representative stress-strain curve (black) and its derivative (red). (b,c) Derivatives of stress-strain curves
of MRHs reinforced with (b) small and (c) large microgels. (d-g) Derivatives of stress-strain curves of MRHs reinforced with (d) 20 vol%, (e) 40 vol%, (f) 60 vol%,

(g) 80 vol% microgels. The black arrows indicate the crossover of the two lines. Reproduced from [163] under the Creative Common License.

3.4.6 Influence of Microgel Size on Energy Dissipation in MRHs

The derivatives of the stress-strain curves indicate how much stress is needed to increase the strain of a sample by
one unit. According to the classic double-network theory, most of the stress is needed to irreversibly break covalent
chains contained within the first network. [5] As a result of the irreversible bond breakage, these gels show a
pronounced Mullins effect [7], [11], [26] where the enclosed area of the loading and unloading stress-strain curve
can be attributed to the dissipated energy. To test whether we see an influence of the microgel size on the energy
dissipation efficiency of sacrificial covalent chains and to quantify the dissipated energy of each loading-unloading
cycle as a function of its maximum strain &,,4,, we perform cyclic loading tests on our MRHs. As expected, our
MRHs show a pronounced Mullins effect, as shown in Figure 3.12a. Hydrogels reinforced with 40% microgels exceed
their elastic regime and start to dissipate energy at &4, = 100%, as highlighted in Figure 3.12b. The amount of
dissipated energy per cycle monotonically increases with increasing €,,4x, as shown in Figure 3.12b. This result

agrees well with the observation of dilute microgels that become spindle-like when broken, thereby increasing their
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surface available for PAMPS chains to break. [132] At maximum strains below 420%, hydrogels dissipate more
energy if reinforced with small microgels, as shown by the black datapoints in Figure 3.12b. By contrast, at strains
> 420%, hydrogels reinforced with 40 vol% large microgels dissipate more energy per cycle, as shown by the blue
datapoints in Figure 3.12b. The observed trends are amplified in hydrogels reinforced with 60 vol% microgels, as
shown in Figure 3.12c. Note that the increase in energy dissipated from hydrogels reinforced with small microgels
is much slower if the maximum strains per cycle exceed 200%, as shown by the black datapoints in Figure 3.12c.
We again attribute these observations to a more efficient breakage of PAMPS chains contained within small

microgels at low strains and an energy dissipation that occurs over a much wider strain range for large microgels.

Our results suggest that the toughening of hydrogels with microgels is more efficient at low strains if small microgels
are employed. The opposite is the case at high strains. To further test this finding, we perform cyclic loading
experiments and quantify the compressive stresses that are exerted on the tensile tester at € = 0 after every cycle
due to plastic deformation of the sample. During cyclic loading, the elongation of the microgels and hence, the
macroscopic sample increases at low strains due to breakage of short, axial chains inside the microgels, as has
previously been nicely shown using optical microscopy. [8] The elongation of the macroscopic sample starts to
plateau when the long axial and short transversal chains inside the microgels are simultaneously broken. At even
higher €4, the long transverse chains are scissioned, which reduces the sample elongation. [8] In agreement with
this report, the compressive stress exerted by our hydrogels reinforced with 40 vol% microgels increases with
increasing €pyqx Until it reaches a maximum of 7 kPa at &,,4,= 200% for samples reinforced with small microgels
and at &;,4,= 250% for samples reinforced with large microgels, as shown in Figure 3.12d. The decrease in
compressive stress with increasing &,,,, thereafter is faster for samples reinforced with small microgels. These
observations in bulk sample elongation further confirm our findings that small microgels break more efficiently at
low strains while their large counterparts break over a much wider strain range, such that their contribution to the
energy dissipation occurs over a wider strain range. Note that the values of &,,,, above which large microgels
dissipate more energy than the small counterparts are approximately 100% higher than the values of € above which
large microgels stiffen the samples more efficiently than small microgels evaluated from the do/de curves. This
shift is expected because pre-stretched PAMPS chains first stiffen the sample, an effect observed in the do/de
curves, before they break and dissipate energy, an effect measured in the cyclic loading tests. Hence, our findings
indicate that the processing and mechanical properties of MRHs strongly depend on the microgel size and inter-

microgel connectivity, as summarized in Figure 3.13.
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Figure 3.12. Energy dissipation of PAMPS microgels. (a) Representative cyclic loading curves of MRHs reinforced with 40 vol% small (black) or large (blue)
microgels. A pronounced Mullins effect is displayed. (b,c) Dissipated energy during each loading-unloading cycle as a function of &,,,, of the corresponding
cycle for MRHs reinforced with (b) 40 vol% and (c) 60 vol% microgels. The arrows indicate the crossover of the two datasets. (d) Compressive stress at € = 0
exerted on the tensile tester as a function of &,,,, of the corresponding cycle for MRHs reinforced with 40 vol%. The dotted lines are guides for the eye and

the arrows represent the minima of the datasets. Reproduced from [163] under the Creative Common License.

58



3.5 Conclusion

Microgel-reinforced hydrogels are an attractive alternative to classic double network hydrogels because they
combine stiffness and toughness with advanced processability. While paste-like precursors containing jammed
microgels are excellent inks for 3D printing, liquid-like precursors encompassing individually dispersed microgels
are more suited for molding applications. Small microgels jam at a lower volume fraction than their larger
counterparts. Hence, small microgels are better suited for 3D printing applications as they enable tuning the
microgel volume fraction and consequently the mechanical properties of the 3D printed structure over a wider
range, while remaining in the jammed regime. By contrast, larger microgels are more suited for molding
applications because their concentration can be varied over a wider range before they undergo the jamming
transition that hampers molding. These findings are generalizable to the processing of a wide range of systems that

are composed of soft and deformable microgels.

We demonstrate that at high volume fractions, larger microgels stiffen MRHs over a wider strain range than their
smaller counterparts, leading to a higher stress at break. By contrast, small microgels break more efficiently at low
strains, rendering MRHSs reinforced with them stiffer at low strains. This in-depth understanding of the relation
between the toughening effect of MRHs, that is breakage of microgels contained within them, and the macroscopic
mechanical response of MRHs might enable the design of the next generation of load-bearing, granular soft

materials that combine advanced processing and excellent mechanical properties such as toughness and stiffness.
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Figure 3.13. Schematic illustration of the influence of size, inter-microgel interactions and volume properties on the processing and mechanical properties of

MRHs. Reproduced from [163] under the Creative Common License.
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Chapter 4

The Influence of Swelling on the Stiffness and
the Fracture Energy of Microgel-Reinforced
Hydrogels

In this chapter, | investigate how the degree of swelling of bulk MRHs influences their stiffness and fracture energy.
| show that the stiffness of MRHs in their fully swollen state and depends on the connectivity of the reinforcing
microgels, which is determined by their initial volume fraction prior to swelling of the bulk sample. At high microgel
volume fractions we even observe a stiffening of the samples upon swelling that goes beyond linearity. In contrast,
the fracture energy of MRHs that have been swollen to different extents linearly increases with the effective

microgel volume fraction.
The chapter is adapted from a manuscript that is in preparation for submission.
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4.1 Abstract

The stiffness and toughness of conventional hydrogels decrease with increasing degree of swelling, making the
stiffness-toughness compromise that is inherent to these hydrogels even more limiting, especially for load-bearing
applications. The stiffness-toughness compromise of hydrogels can be addressed by reinforcing them with
microgels, as we have shown in the previous chapter. However, the influence of the degree of swelling of microgel-
reinforced hydrogels (MRHSs) on their stiffness and toughness is unknown. To address this shortcoming, we compare
the stiffness and toughness of MRHs reinforced with a wide range of microgel volume fractions as a function of
their degree of swelling. We find that the initial microgel volume fraction determines the connectivity of the
microgels, a nonlinear property that is closely related to the stiffness of fully swollen MRHs. If MRHs are reinforced
with a high volume fraction of microgels, they even stiffen upon swelling, likely due to a strain-hardening effect in
the matrix. In contrast to the stiffness, the fracture energy is much less dependent on the microgel connectivity and
linearly increases with the effective volume fraction of microgels present in the MRHs regardless of their degree of
swelling. These findings provide design rules for the fabrication of tough, granular hydrogels that stiffen upon their

swelling.

4.2 Introduction

Gels are networks made from polymer chains that are connected through crosslinks. [9] They are omnipresent in a
solvent-free, dry state, for example as elastomers, [167] and in a swollen state, such as hydrogels that contain a
large fraction of water. [1] Unfortunately, the swelling of conventional gel networks significantly reduces their
mechanical properties. While the reduction in strain at break [2] and modulus [168], [169] of a conventional
hydrogel upon swelling scales with its linear swelling ratio, [170] its fracture energy is reduced by the areal swelling
ratio. [2], [171] The decrease in fracture energy upon swelling matches with the observation by Lake and Thomas
that the fracture energy of rubbers depends on the areal density of polymer chains that transverse the fracture
plane. [7] Hydrogels are very often used under physiological conditions where they are swollen such that their
stiffness and toughness are reduced. [108], [110], [153] This limitation restricts the fields of applications of these
hydrogels to fields where soft, highly swelling components are required, such as for contact lenses or diapers.
Hydrogels that counteract their swelling through thermo-sensitive monomers such that they do not swell within a
certain temperature range have been reported for injection applications. [17] However, in this example the

counter-action to the swelling is temperature-dependent.

An established design strategy to improve the resistance to fracture of swollen gels is to introduce dissipative
mechanisms into them. [61] A prominent example for tough hydrogels are double network gels (DNs), that consist
of a first, highly crosslinked and brittle network, and a second, loosely crosslinked and stretchy one. [34] During

fracture of DN, the first, sacrificial network dissipates a significant amount of energy via breakage of covalent [34],
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[35], [39] or ionic [36] bonds, while the second network maintains the mechanical integrity of the material. The
design principle is universal, and has been transferred to solvent-free multi-network elastomers. [42], [172] The
toughening of DNs arises from breakage of bonds in the first network, as has been demonstrated with
mechanophores that were covalently incorporated into multi-network elastomers and through a mechano-radical
polymerization in hydrogels. [43], [46], [173] These results indicate that the breakage of bonds within the first,
sacrificial network is confined to a damage zone that surrounds advancing cracks. The size of this damage zone
linearly scales with the fracture energy of DNs. [41], [53], [54] However, traditional DNs are limited in terms of
processing, as their first network must be swollen in the precursor solution of the second network, thereby
sacrificing the control over their shape. [34], [35] To overcome this limitation, and to couple excellent toughness
and stiffness with advanced processability, microgels have been embedded into single network hydrogels to form
microgel-reinforced hydrogels (MRHSs) that feature the double network toughening effect. Microgels are hydrogel
microparticles of any shape with sizes between 0.1 and 1000 um. [107], [108] They are swollen in the precursor
solution of the second network, herein called matrix, before they are brought into shape via molding, [129] or, at
high microgel volume fractions, 3D printing. [174] The matrix is subsequently polymerized to form tough microgel-
reinforced hydrogels (MRHs). It has been shown that the microgel volume fraction and the molar ratio of the two
networks within the microgels are the most important parameters that influence the toughness of MRHs. [131] In
the previous chapter, | have shown that the strength of MRHs in their as-prepared state, which is prior to their
swelling to equilibrium, can be increased by increasing the size of the reinforcing microgels. In contrast, their bulk
swelling is independent of the microgel size. Unfortunately, little is known on how the bulk swelling of DNs and
MRHs influences their mechanical properties. The yield point of DNs, which indicates the onset of major damage in
the first network, arises at a yield stress that scales with the areal swelling ratio of DNs whereas the yield strain
scales with their linear swelling ratio. [175] However, how the stiffness and fracture energy of tough hydrogels

depend on their swelling ratio remains to be determined.

In this chapter, we study the effect of the bulk swelling of DNs and MRHs on their stiffness and fracture energy. We
demonstrate that the initial microgel volume fraction in MRHs prior to swelling governs the connectivity of the
microgels: if the microgels are up-concentrated and touch each other during the polymerization of the matrix, they
become connected. We show that the stiffness of swollen MRHs exceeds the one of as-prepared samples if the
microgels are firmly interconnected such that they themselves form a percolating network. We assign this behavior
to a strain-stiffening in the matrix caused by its constriction between fully swollen, firmly interconnected microgels.
In contrast, the fracture energy of MRHs is much less dependent on the connectivity between microgels, and is
independent of their size. We show that the fracture energy linearly scales with the effective microgel volume
fraction in MRHs before and after their swelling. These findings relate the fracture energy of MRHs to their

microstructure and provide design rules for tough granular hydrogels that stiffen upon swelling.
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4.3 Experimental Section

4.3.1 Microgel Production

We produce bulk hydrogels from an aqueous solution containing 20 wt% 2-Acrylamido-2-methyl-1-propanesulfonic
acid sodium salt (NaAMPS) (Sigma-Aldrich, USA) monomer, 3 wt% of N,N-methylene bisacrylamide (MBAA) (Carl
Roth, Germany), a crosslinker, and 1 pl/ml of 2-hydroxy-2-methylpropriophenone (Sigma-Aldrich, USA), a photo-
initiator. The solution is poured into a petri dish and polymerized for 10 minutes in a UV oven (A =365 nm, P =2
mW cm™) (UVP CL-1000, Analytik Jena, Germany). The bulk hydrogel is cut into small pieces using scissors and
inserted into a stainless steel cylinder of a cryogenic grinder (CryoMill, Retsch) alongside stainless steel milling balls.
Cryo-milling is performed using three cycles of 3 minutes each at 30 Hz. To fabricate large microgels, we use a
milling ball with a diameter of 25 mm. For the production of small microgels, we take large microgels and grind
them further down by employing 12 balls with a diameter of 10 mm for additional three cycles. The obtained
powder is fully swollen in water and subsequently freeze-dried (FreeZone 2.5, Labconco, USA) at 0.03 mbar and -
53°C for at least three days to fully dry the microgels. The microgels are thereafter stored protected from humidity

until their use.

4.3.2 Swelling Ratio of Microgels
The linear swelling ratio, A1/3, of non-spherical microgels is determined by measuring the swelling ratio of a bulk

NaAMPS hydrogel, which is defined as 11/3 = Xswollen are, Xswotten and Xq5_prep are defined as one side length

Xas—prep
of a rectangular bulk hydrogel in the fully swollen and as-prepared state prior to swelling, respectively. At least

three bulk samples are measured for each data point.

4.3.3 Fabrication of MRHs

MRHSs are fabricated as presented in chapter 3.3.5. To produce samples for single extension tests, molds with
dimensions of 50 x 10 x 1 mm?3 are used. To perform tensile tests, dogbone-shaped samples with a thickness and
width of 2 mm and 5 mm, respectively, and a gauge length of 10 mm are produced in Teflon molds. The samples
are, as indicated in the main text, tested as-prepared or fully swollen in water. Samples that are tested in their as-
prepared state are wrapped into cling film to avoid drying before they get tested, while samples that are tested in

their fully swollen state are immersed in water for three days to fully swell them prior to testing.

4.3.4 Fabrication of Double Network Hydrogels

To produce bicontinuous double network hydrogels, a NaAMPS solution containing MBAA and a photoinitiator is
polymerized in teflon molds, as detailed in chapter 4.3.1. The bulk PAMPS hydrogels are gently removed from the
mold and swollen to equilibrium overnight in a AAm solution containing MBAA and photoinitiator, as detailed in
chapter 3.3.5. The surplus AAm solution is removed before the samples are polymerized using UV light for 10

minutes. The samples are, as described in chapter 4.3.3, tested as-prepared or fully swollen in water.
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4.3.5 Simple Extension Tests (SET)
SET are performed using a Universal Tensile Test Machine Zwicky 5 kN (Zwick Roell, Germany) equipped with a 50
N load cell. The two arms of the samples are gripped using hydraulic clamps and the velocity of the mobile arm is

fixed to 100 mm/min, unless stated otherwise. The reported fracture energy is calculated as
T=2(2-w@h).[44] (4.1)

Here, F is the average of all force values on the plateau of the SET curve, A the stretch of the legs at the plateau
level of F, t the thickness of the sample, W (1) the area under the stress-stretch curve between 1 and 4, and h the
width of a leg, as illustrated in [44]. This formula corrects for the stretch in the legs during the propagation of the
crack when those undergo non-negligible stretch, which is with 1.4 < A < 2.2 the case for our samples. As the
sample-to-sample variation of h and W (A) within one datapoint are small compared to the variations within the
first term of equation (4.1), we estimate the second term of equation (4.1) per datapoint, and plot the error from

the first term as error bars only. At least three samples are measured per datapoint.

The stretch of the legs can be avoided by fixing inextensible strips to the legs of the samples, which was not possible
for most of our samples due to their surface rugosity. However, if the stretch of the legs is prevented by inextensible

strips, or if it is negligible, which means A = 1, and W (1) = 0, equation (4.1) reduces to
T ==, [44] (4.2)

which is sometimes used in the literature. [53], [176] To estimate the influence of the leg stretch on our results, we
compare our results evaluated with equations (4.1) and (4.2) for our system, and plot this comparison in the
Supporting Figure 4.9. While the differences between the results for fully swollen samples obtained with equation
(4.1) and (4.2) lie, to large extends, within the experimental error, there is a significant difference for the as-

prepared samples if equation (4.1) or (4.2) is used. The use of equation (4.1) is in this case hence required.

4.3.6 Analysis of SET curves

To evaluate the amplitude of the deflections from the plateau value, we use a customized MATLAB®© code. The
amplitudes of the deflections are first normalized by the plateau value. The curves are then smoothed with an
integrated smoothing function to remove the noise of the tensile tester, which is in the order of 0.001 kJ m™. Hence,

the amplitude of the smallest deflections that can be measured relative to the plateau value is around 0.7%.

4.3.7 Tensile Testing
Tensile tests are performed on the same tensile tester with a velocity of 100 mm/min. Young’s moduli are calculated
from a linear fit to the stress-strain curves between 5 and 15% strain. At least three samples are measured per

experiment, and at least two experiments are conducted per datapoint.
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4.3.8 Bulk Swelling Measurements

The swelling ratio Ry, is defined as
= (4.3)

here W,, and W, are the hydrogel weight in its fully swollen and as-prepared state, respectively.

The polymer contents in the as-prepared state ¢, and in the swollen state c,, are defined as

_ Wap

Cap = Wary (4.4)

Wsw
C -
sw Wdry,

(4.5)

respectively. Wy, is the hydrogel weight in its fully dry state. The dry weight is measured after fully drying the
hydrogels in an oven for three days. The hydrogels are weighted on a microbalance and at least three samples are

measured for every datapoint.

4.4 Results and Discussion

4.4.1 Fabrication and Swelling of MRHs

To fabricate microgel-reinforced hydrogels we produce PAMPS microgels from a bulk hydrogel using a commercial
cryo-miller, as reported elsewhere. [110] While this method leads to highly polydisperse and non-spherical
microgels, it has a much higher throughput and a shorter processing time than emulsification techniques that
require several washing steps. [108], [163], [174] We fully swell the obtained microgels in water and freeze-dry
them to obtain a powder that is easily dispersible in the aqueous matrix precursor solution, which contains
acrylamide (AAm) monomers, N,N-methylene bisacrylamide (MBAA), a crosslinker, and a photoinitiator. We
precisely control the amount of dry microgels that we add to our samples by weighting them on a microbalance.
The polymerization of the matrix is initiated by exposing these sample precursors to UV light, resulting in microgel
reinforced hydrogels (MRHs). To retrieve the initial microgel volume fraction prior to swelling, &;,it, as a function
of the weight of the dry microgels that is added to the samples, we use an extrapolation curve. The quantification
of the swelling ratio of well-defined spherical microgels is more straight forward compared to that of the
fragmented counterparts used here. However, we demonstrated that the swelling ratios of spherical microgels is
within experimental error independent of their size, as shown in Figure 3.2. We observe the same swelling for the
bulk hydrogels used to produce our non-spherical microgels, which is 2.3 + 0.01. We therefore use the same
extrapolation curve here. Samples that are tested in their as-prepared state are wrapped into cling film to avoid
drying prior to their testing. By contrast, samples that are tested in the fully swollen state are transferred into an

aqueous solution and kept at room temperature for 3 days, as schematically shown in Figure 4.1. The degree of
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swelling of these MRHs depends on their initial microgel volume fraction, &;,;;. If the added microgels are initially
in the dilute state, the effective microgel volume fraction present in the swollen samples, by, is lower than ;¢
because the matrix swells more than the microgels, as depicted in Figure 4.1a. However, if the microgels are initially
in the jammed state, they form a percolating network that limits the swelling of the matrix. In this case, the bulk

swelling is equal to the swelling of the microgels and ¢ s = }ypi¢, as shown in Figure 4.1b.

microgels swollen ’ Microgel-Reinforced Hydrogels (MRHs)

in matrix precursor as-prepared swollen

a ®eff '
dilute case @3 i ;
matrix swelling ¢ >0
®, . <60vol% ﬂg polym. ’ e
PAAmM matrix t
jammed case matrix ’ % swelling O =0
—_—> - init eff
® > 60 vol% polym. .J.

Figure 4.1: Schematic illustration of the swelling of microgel-reinforced hydrogels (MRHs) that depends on the initial microgel volume fraction ¢;,;;. (a-b) The
matrix precursor solution containing fully swollen microgels (left) is polymerized to form a bulk hydrogel (center), which is subsequently tested as-prepared,
or fully swollen in water (right). (a) If the microgels are initially in the dilute regime, the swelling is dependent on the swelling of the matrix and that of the
microgels, and the effective volume fraction in swollen samples, ¢, is reduced compared to ¢y;,. (b) If the microgels are touching each other during the

polymerization of the matrix, they form a percolating network. In this case, the swelling is dependent on the swelling of the microgels only and ¢erf = dinie-

4.4.2 The Influence of Swelling on the Mechanical Properties of MRHs

To assess the influence of the swelling of MRHs on their stiffness, we perform tensile tests on them in the as-
prepared and swollen state and plot the results as a function of &;,;;. The Young’s modulus, E, of as-prepared
MRHs linearly increases with ¢+, as shown in Figure 4.2a. By contrast, E of fully swollen samples increases much
slower with &y, if samples contain ¢;,;; < 40 vol% but increases much more steeply if ;,;+ > 40 vol%, as shown
in Figure 4.2a. Remarkably, MRHs with &;,;; > 60 vol% become stiffer upon swelling, as shown in Figure 4.2a. This

behavior is in stark contrast to conventional bulk hydrogels that soften upon swelling.

By analogy to the stiffness, the fracture energy of conventional hydrogels decreases with their areal degree of
swelling. [2], [171] To assess how the degree of swelling of MRHs influences their fracture energy, T, we use simple
extension tests (SETs), as detailed in chapter 4.3.5. We mathematically account for the stretch in the sample legs,
as the fixation of inextensible strips onto them was inhibited by their surface rugosity. For as-prepared samples, T

linearly increases with &;,;;. Note that T of the pure PAAm that does not contain any microgels, is slightly higher
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than what we would expect from the linear trend of the T(;,;¢) curve. We assign the higher toughness of as-
prepared microgel-free PAAmM samples to the presence of entangled polymer chains that are not covalently linked
to the network and hence, removed during the washing step. By contrast, swollen MRHs display a strong non-linear
relation between T and &;,;;, as shown in Figure 4.2b, by analogy to our observations for the stiffness - &yt
relationship. Note that the increase of the stress at break, g, and decrease of the strain at break, €, with increasing
®init is within experimental error the same for as-prepared and swollen MRHs, as shown in Figure 4.2c and 4.2d,
respectively. This result implies that these parameters are mainly determined by the network architecture. By
contrast, the swelling can be considered as pre-stretching of the polymer segments such that it does not change

the mechanism of rupture of MRHs.
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Figure 4.2: Mechanical properties of MRHs in their as-prepared (green) and fully swollen (blue) state. (a) Young’s modulus E, (b) fracture energy T, (c) stress

at break gy, and (d) strain at break ¢, as a function of the initial microgel volume fraction prior to swelling &;;;-

4.4.3 Swelling Ratio of MRHs

We hypothesize that the nonlinear trends observed for E and T in the swollen state are caused by a nonlinear
reduction of the swelling of MRH samples with increasing §;,;¢. To verify our hypothesis, we perform swelling tests
and measure the change in sample weight upon swelling from the as-prepared state to the swelling equilibrium.
Pure PAAm gels swell 4.9-fold. The volumetric swelling ratio, 4, is reduced upon addition of microgels, as shown in
Figure 4.3a. Interestingly, the swelling ratio of a MRH with ¢;,,;; = 80 vol% is within experimental error the same
as that of a bicontinuous bulk double network, even though the polymer fraction contained within the DN is
significantly higher than that of the MRH, as shown in Figure 4.3b. To explain the plateau in 4 at ¢;,;; = 80 vol%,
we hypothesize that microgels are firmly covalently crosslinked to each other. The first and second networks of
conventional DNs are covalently crosslinked together, as active sites are present in the first network when the

second network is formed. [37] In our case, microgels serve as an analogue of the first network. Our results suggest
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that we also have active sites in our microgels that, if microgels are densely packed, enable the formation of firm
inter-microgel connections. These connections transform individual microgels into a percolating network that
confines the matrix and hinders its swelling. The initial weight fraction of microgels, &;,;:, has hence important
consequences on their connectivity: If the microgels are jammed during the polymerization of the second network,
they are firmly connected, whereas if they are individually dispersed, they are connected through the matrix

hydrogel only.

The transition between the dilute and the jammed state is defined as the jamming transition, above which strong
inter-microgel friction is present. [124] The jamming transition is accompanied by an increase in viscosity of the
precursors. The volume fraction at which it occurs depends on the microgel size, [163] their shape [114] and
polydispersity [114], [165], [177]. We observe a gradual increase in viscosity of the precursors at ¢;,;+ = 60 vol%,
which matches well with the observed plateau for A, suggesting that our jamming transition occurs at approximately

this microgel volume fraction.
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Figure 4.3: Swelling of microgel-reinforced hydrogels (MRHs). (a) Volumetric swelling ratio A and (b) polymer content in the swollen state as a function of the

initial microgel volume fraction prior to swelling §;,;;-

4.4.4 Microgel Connectivity in MRHs: The Bridging Effect

Our swelling data indicate that bridging between microgels arises at ¢;,,;; = 80 vol%. To verify if we indeed observe
bridging between microgels, we consult an extreme, well-controllable case and use large, monodisperse microgels
fabricated with a microfluidic device, as detailed in chapter 3.3.2 and shown in Figure 3.1. We use a high microgel
volume fraction, §;,;; = 80 vol%, to form MRHs so that the microgels are strongly jammed, as shown in Figure
4.4a. After polymerization of the matrix, the hydrogel sheet is transferred into water where it is not confined so
that it can freely swell. Despite the swelling, the microgels still show large contact areas with adjacent microgels,
as shown in Figure 4.4b. These results indicate that microgels are indeed covalently crosslinked to each other. This
dense packing of the microgels also confines the swelling of the matrix between them. We hypothesize that the
confinement of the matrix is responsible for the increase in stiffness upon swelling that we observe for MRHs
containing & = 60 vol%: in the vicinity of the inter-microgel bridges the matrix is strained, which likely leads to
a strain stiffening. This observation is well in agreement with recent results reported for an elastomeric composite

that encompasses dispersed microgels. [111]
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We expect the observed reduction in swelling of bulk MRHs caused by the inter-microgel bridging to also manifest
itself in g5, 03, and T. To test this expectation, we calculate the ratio of the as-prepared state to the swollen state
for these parameters as a function of ¢;,i;. Indeed, g, and o}, display a plateau each, similar to the swelling,
although at a lower microgel volume fraction, ¢;,;; = 60 vol%, as shown in Figure 4.4c. These results suggest that
also &, and o3, depend on the connectivity of the microgels. The initial microgel volume fraction is hence an
important design parameter that affects how the strain and stress at break of MRHSs are reduced upon swelling. In
contrast, the ratio of the fracture energy of as-prepared to swollen samples does not show such a pronounced
trend. We therefore expect another parameter to dominate the effect of swelling on the fracture energy of MRHs.
A possible parameter that influences the fracture energy of MRHs is the effective volume fraction of microgels for

each swelling state.
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Figure 4.4: Bridging between densely packed microgels. (a-b) Micrographs of MRHs reinforced with large monodisperse microgels in the (a) as-prepared and
(b) swollen state. Scale bars = 200 um. (c) Ratio of the stress at break o;, (dark red triangles) and strain at break ¢, (red squares) of as-prepared to swollen

MRHs as a function of ¢;,,;.. The dashed lines are guides to the eye. (d) The ratio of the fracture energy T of as-prepared to swollen MRHs as a function of

cl)im'l.* .

4.4.5 The Effective Microgel Volume Fraction in MRHs

The fracture energy of conventional gels scales with the areal density of polymer chains in the fracture plane. [171]
Hence, upon their swelling, the fracture energy of single network hydrogels decreases by /12/3, which is the areal
swelling ratio. [2], [9] However, in tough hydrogels, such as DN'’s, the fracture mechanism is more complex such
that this scaling does not hold. In these materials, the fracture energy can be separated into an intrinsic and a
dissipative part, [61], [178] as not only polymer chains in the fracture plane rupture, but also many sacrificial chains

from the first network that are located in the damage zone of the advancing crack. [41], [54], [55]

The toughening mechanism of DNs strongly depends on the first network. Hence, for each swelling state, we expect
the fracture energy of MRHs to be governed by the amount of microgels that are effectively present in them. To
test this expectation, we must estimate the effective microgel volume fraction after swelling. Microgels swell to a

similar extent as DNs, as shown in Fig 4.3. Hence, the volumetric swelling ratio A of the microgels and the DN is the
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same. We assign this result to the structure and composition of the first network of each of these systems, which
are identical. Hence, we estimate the effective volume fraction, ¢f, by using a simple rule of mixture for 20 <
binit < 60 vol%, and by inserting the volumetric swelling ratios of the pure matrix and the microgels of 4.9 and
1.8, respectively. For these cases, ¢ decreases upon swelling, as summarized in Figure 4.1a. By contrast, for MRHs
with &;,ir = 80 vol%, our swelling data indicates that their bulk swelling is equal to the swelling of the microgels,
and hence &ipir & defr, as summarized in Figure 4.1b. We hence correct the microgel volume fraction of swollen

samples to ¢, ¢, and plot the stiffness and the fracture energy as a function of this parameter.

Re-scaling to ¢,y enables a comparison of E and T of the swollen and as-prepared samples for the same effective
microgel volume fraction. The stiffness linearly increases with &, ¢f if s < 30 vol%, independent of the degree
of swelling, as shown in Figure 4.5a. By contrast, the datapoint at ¢.r = 38 vol% seems to be overcorrected. The
jamming transition is gradual and the sample with s = 38 vol% is in this transition regime. This result suggests
that our system is sensitive to initial inter-microgel bridging that causes a strain stiffening of the matrix, which leads
to a much stronger increase in stiffness than what we would expect from the linear stiffness-¢, s correlation. This
deviation from linearity is in contrast to the fracture energy, for which we observe a linear increase with increasing
bef s over the entire evaluated range, independent of the degree of swelling, as shown in Figure 4.5b. This indicates
that the effective microgel volume fraction is indeed a good metric to predict the fracture energy of microgel-

reinforced granular hydrogels.

The slope of the linear fit to the T (d.5) datapoints of the swollen samples decreases by a factor 2.3 with respect
to its as-prepared counterpart. It was shown by Lake and Thomas that the fracture energy is dependent on the
areal density of the polymer chains in the fracture plane. [7] This indicates that the reduction in T upon swelling for
conventional gels is equal to their areal swelling ratio 2273, [2] To test whether this relation also applies to MRHs,
we compare the reduction of T upon swelling to 123 of their components. The reduction found here, 2.3, is
between the areal swelling ratios A2/3 of the matrix and that of the microgels, which are 2.9 and 1.8, respectively.
This result indicates that neither the reduction in areal polymer density of the matrix nor the microgels can fully
explain the reduction in T upon swelling. This raises the question whether cracks propagate mostly within the

matrix, or within the microgels. To address this question, we perform in-situ crack propagation under the

microscope.
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Figure 4.5: Influence of the effective microgel volume fraction ¢, on the stiffness and fracture energy of microgel-reinforced hydrogels (MRHs). (a) Young's
modulus E and (b) fracture energy T of MRHs in their as-prepared (green) and fully swollen (blue) state as a function of . (a-b) The dashed lines are linear
fits to the experimental data. (b) The slope of the linear fit to the swollen dataset is reduced by a factor 2.3 compared to the slope of the linear fit to the as-

prepared dataset.

4.4.6 The Influence of Microgels on the Crack Propagation in MRHs

The fracture energy in soft and tough materials, such as DN hydrogels, can be separated into an intrinsic [ and a
dissipative I, component, as presented in equation 1.22, whereby I, > [. [178] However, the intrinsic fracture
energy is in theory still an important parameter, as the total fracture energy and its intrinsic component are
proportional to each other, I' « [, as | detailed in equation 1.23. [178] This correlation is directly linked to the
crack propagation: if cracks easily propagate through the material, the load cannot be efficiently transferred to the
first network to dissipate energy. We reason that if the crack is often deviated by obstacles present in the sample,
such as microgels, it follows a tortuous path and the intrinsic component of the fracture energy is multiplied by the
additionally created surface area arising from crack tortuosity. This should subsequently linearly augment I,
following equation 1.23. To investigate how cracks propagate through MRHs, and if they are deviated by the
microgels, we perform in-situ crack propagation experiments under the microscope. To distinguish our negatively
charged microgels from the matrix, we use a positively charged fluorescent dye, cresyl violet, as detailed in chapter
3.3.6. We indeed observe that cracks are deviated and even split into two if they encounter a microgel, as shown
in Figure 4.6ai-av and 4.6b. The split cracks get blunted thereafter, as shown in Figure 4.6av. The entire sample
subsequently undergoes high strains prior to catastrophic failure, as illustrated in Figure 4.6av and 4.6ci. At these
high strains, voids start to form within the material, which eventually coalesce with neighboring voids or the crack
front, leading to catastrophic failure. These voids are very often initiated at the surfaces of microgels from where
they open up, as shown in Figure 4.6cii-iv and 4.6d. We assign this behavior to the difference in stiffness between

our microgels and the surrounding matrix, and the therewith associated stiffness gradient at the microgel surfaces.

To weaken the effect of stiffness gradients and to investigate whether this influences the mode MRHs
catastrophically fail, we employ much smaller microgels with an equivalent diameter of 15 + 8 um. Indeed, in these
MRHs that contain smaller microgels, opening voids grow much more prior to their coalescence, as shown in Figure
4.6e. Note that this difference is not related to the strain at break and the stiffness of the samples, as these
parameters are independent of the microgel size, as shown in chapter 3. These results qualitatively suggest that

the size of reinforcing microgels influences the crack propagation mechanism in MRHs.
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Figure 4.6: Micrographs of catastrophic failure events of microgel-reinforced hydrogels (MRHs). The microgels are visualized using a fluorescent dye and appear
brighter than the matrix. (a-b) Crack splitting events. (ai-av) Time-lapse of a crack that (ai) is initiated and (aii-aiv) splits when encountering a microgel. (av)
The crack blunts. (b) Another example of a crack that splits at a microgel. (c-e) Formation of voids. (c) Time-lapse of a blunted crack (ci) meeting microgels
from where (cii-ciii) voids open up, which are visible as white lines, before they (civ) grow. (d) Another example of voids forming and opening up at the edge
of a large microgel. (e) A MRH sample that is reinforced with much smaller microgels where large voids start to form before they coalesce. Scale bars represent
(a,e) 500 um and (b,c,d) 200 pm.

To investigate if the microgel size influences the crack propagation and the resulting fracture energy of MRHs, we
perform simple-extension tests (SET) on MRH samples reinforced with large or small microgels; the size distribution
of the employed small and large microgels is shown in Figure 4.7a. Indeed, the crack propagation in MRHs
containing ¢ = 40 vol% microgels is much smoother if they are reinforced with small microgels compared to
MRHs reinforced with large microgels, as summarized in Figure 4.7bi and detailed in Figure 4.8a and 4.8b. To more
quantitatively analyse to what extend cracks are deflected while propagating through our samples, we analyse the
amplitudes of the deflections of the SET curves from their plateau values. The deflections in MRHs reinforced with
small microgels are on average smaller than those in MRHSs reinforced with large microgels, as summarized in Figure
4.7c and 4.7d for large and small microgels, respectively. However, our batch of large microgels also contains small
ones, as shown in Figure 4.7a. To determine whether the strong deflections observed for MRHs reinforced with
large microgels are indeed caused by the size of the microgels, we reinforce hydrogels with large, monodisperse
microgels. Indeed, SET curves of MRHs reinforced with large monodisperse microgels show a similar trend as the
ones reinforced with large, non-spherical counterparts, as shown in Figure 4.8c and 4.8e. This confirms that the
microgel size influences the crack propagation in MRHs at low ¢;,;;. By contrast, we do not observe any influence
of the microgel size on the crack propagation in MRHs reinforced with ¢;,;; = 80 vol%. At these high volume
fractions, microgels are jammed such that propagating cracks do not conceive them as individual obstacles any
more. Interestingly, cracks in bicontinuous double network hydrogels propagate very smoothly, as shown in Figure
4.7biii and Figure 4.8d. This comparison suggests that the crack propagation is dependent on the homogeneity of

the first network. However, note that due to differences in the processing of these samples, DN samples are 1-2
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fold thicker compared to the MRH counterparts. The thickness difference may be a contributing factor to the
smoother curves. Moreover, our spatial resolution is limited by the tensile tester to ~120 um such that the smallest
features that can be distinguished from the noise are ~500 um. This dimension is much larger than the employed
microgels. We hence describe the propagation of the cracks more macroscopically, yet, we can relate its

propagation to the employed microstructure.

To assess whether the microgel size and hence the crack tortuosity influences the fracture energy, we compare the
measured T of MRHs reinforced with small and large microgels for a wide range of §;,;¢- In a first approximation,
the fracture energy is independent of the microgel size, as shown in Figure 4.7e. This finding excellently matches
our previous results where we demonstrated that the fracture energy is independent of the connectivity of the first
network. While cracks are more deflected by large microgels at ¢;,;; = 40 vol%, this crack deflection does not
measurably influence the fracture energy of MRHs. This finding confirms that the effective microgel volume fraction

is indeed determining the fracture energy of MRHs.

Note that we observe a dependence of T on the test velocity, as shown in Figure 4.8f. This has been reported before
[53], [55] and is due to an increased size of the damage zone around the crack for higher velocities [48], [55], due
to inertial effects in the material and a more efficient stress transfer between the two networks at higher testing

velocities. However, while we vary the testing speed over two orders of magnitude the result only changes twofold.

d - L T =
=204 = 0.2 C | <oz d
802 S 5
o o
“ 0 a 0 0
0 01 02 03 0 01 02 03
Amplitude/T [-] Amplitude/T []
e 15 - : : :
NE 1 0
3
— 0.5F .
A 4
0 : - - 0 - : - :
0 50 100 150 200 0 20 40 60 80
x [mm] L /. [vol%]

Figure 4.7: Influence of the microgel size on the crack propagation and fracture energy of MRHs. (a) Size distribution of large and small microgels. d*
corresponds to the diameter of a circle with the same area as the one measured for the non-spherical microgels employed here. (b) Representative force-
displacement curves of simple extension tests (SET) for swollen (i-ii) MRH samples reinforced with (i) &;,;; = 40 vol% or (ii) $ini: = 80 vol% small (green) or
large (magenta) microgels, and for (iii) bulk double networks. (c-d) The amplitude distribution of the deflections in the force-displacement curves, normalized
by their corresponding plateau value T with ¢;,,;; = 40 vol%, for (c) large and (d) small microgels. (e) The fracture energy T of MRHs reinforced with large
(green) and small (magenta) microgels as a function of &;,;;. (b-€) Note that for simplicity the curves and amplitudes were not corrected for the stretch of the

legs, as for swollen samples no major difference is found between the corrected and simplified datasets.
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Figure 4.8: Simple Extension Tests (SET). (a-c) SET curves for MRH samples reinforced with (a) large, (b) small, and (c) large monodisperse microgels. (d) SET
curves for double networks (DNs). (e) The amplitude distribution of the deflections in the force-displacement curves, normalized by their corresponding plateau
value T, with ¢;,;; = 40 vol% for large monodisperse microgels. (f) Fracture energy T of MRHs reinforced with ¢;,;; = 40 vol% large microgels as a function

of the testing speed. (a-f) Note that for simplicity the plotted data was not corrected for the stretch of the legs, as for swollen samples no major difference is

found between the corrected and simplified datasets.
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Figure 4.9: Evaluation of the fracture energy T of MRHs using SET tests. (a-b) Fracture energy T in their (a) as-prepared and (b) fully swollen state as a function

of ¢~ For the datasets analysed using the simplified equation (4.2) (red) the stretch of the legs is neglected, while for the datasets analysed using equation

(4.1) (green in (a), blue in (b)), it is corrected for it.

4.5 Conclusion

The mechanical properties of conventional hydrogels such as their stiffness and fracture energy decrease with
increasing degree of swelling. Here, we demonstrate that hydrogels that are reinforced with high volume fractions
of microgels swell much less than what would be expected from the rule of mixture. We assign this deviation from
linearity to strong inter-microgel connections that form if the microgels touch during the polymerization of the

matrix, thereby restricting the degree of swelling of the bulk MRHs. These firm inter-microgel links strongly increase
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the stiffness of MRHs upon swelling, in stark contrast to conventional hydrogels. In contrast, the fracture energy
decreases with increasing degree of swelling and is linearly related to the effective microgel volume fraction present

in the material. These observations are directly applicable to design tough hydrogels that stiffen upon swelling.
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Chapter 5

Everything in its Right Place: Controlling the
Local Composition of Hydrogels Using
Microfluidic Traps

In this chapter | present a microfluidic device for the fabrication of hydrogel sheets with locally varying
compositions. Capillary traps with different trapping strengths can controllably immobilize different types of water-
in-oil drops at well-defined locations before they are converted into microgels. The oil is subsequently replaced by
the aqueous matrix precursor solution, which is polymerized to form a continuous hydrogel sheet possessing locally

varying compositions.

The chapter is adapted from the published paper “Kessler, M. et al. (2020) ‘Everything in its right place: controlling
the local composition of hydrogels using microfluidic traps’, Lab on a Chip, 20(24), pp. 4572—-4581.”, authored by
Michael Kessler, Hervé Elettro, Isabelle Heimgartner, Soujanya Madasu, Kenneth Brakke, Francois Gallaire, and

Esther Amstad.

Michael Kessler and Esther Amstad designed the study with inputs from Frangois Gallaire. Michael Kessler, Isabelle
Heimgartner, and Soujanya Madasu performed the experiments, Michael Kessler and Hervé Elettro did the
modelling, Michael Kessler and Soujanya Madasu performed simulations with the help of Kenneth Brakke. Michael

Kessler and Esther Amstad analyzed the data and wrote the manuscript.
We would like to thank Nicolas Burnand for experimental help.

The paper was featured in the themed collection “Lab on a Chip Recent HOT Articles” due to receiving particularly

high scores at peer review.
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We introduce a microfluidic Hele-Shaw trapping cell
that enables the fabrication of hydrogel sheets with
locally varying compositions. With the presented
microfluidic device, we can abruptly change the
composition of materials on a 100 um length scale.
The abrupt compositional changes are achieved by
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possessing varying trapping strengths. The drops
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microfluidic chamber and solidified to form an
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5.1 Abstract

Many natural materials display locally varying compositions that impart unique mechanical properties to them
which are still unmatched by manmade counterparts. Synthetic materials often possess structures that are well-
defined on the molecular level, but poorly defined on the microscale. A fundamental difference that leads to this
dissimilarity between natural and synthetic materials is their processing. Many natural materials are assembled
from compartmentalized reagents that are released in well-defined and spatially confined regions, resulting in
locally varying compositions. By contrast, synthetic materials are typically processed in bulk. Inspired by nature, we
introduce a drop-based technique that enables the design of soft hydrogel sheets with locally varying compositions
and offers an excellent spatial resolution. This is achieved with a microfluidic Hele-Shaw cell that possesses traps
with varying trapping strengths to selectively immobilize different types of drops. This modular platform is not
limited to the fabrication of hydrogels but can be employed for any material that can be processed into drops and
solidified within them. It likely opens up new possibilities for the long-term characterization of reactions that occur
under confinement within drops and the design of structured, load-bearing hydrogels, as well as for the next

generation of soft actuators and sensors.

5.2 Introduction

Many natural materials display unique mechanical properties that are, at least in parts, a result of their locally
varying composition. A prominent example is the mussel byssus cuticle, a stiff, but extensible coating that is five-
fold harder than the fibrous core and hence protects it from abrasion. [98] The cuticle is composed of granules that
are embedded in a matrix. These granules are responsible for the abrupt changes in the composition and hence,
the excellent mechanical properties of the cuticle. [100], [101], [179] The ability of nature to controllably and
abruptly change the composition of materials is related to their processing: Natural materials are often produced
from compartmentalized reagents that can be released into well-defined and spatially confined regions. [99] To
mimic such assembly as observed in nature, a large variety of bottom-up processes have been developed to
fabricate synthetic soft materials with locally varying compositions. Well-defined micrometer-sized structures with
feature sizes down to 10 um can be introduced into soft materials using direct laser writing [180] or lithography
techniques that take advantage of digital micro-mirror devices (DMD’s). [90] However, these techniques are often
limited to sample sizes below 100 um. Macroscopic materials possessing feature sizes down to 200 um can be
produced with optical projection lithography, using a laser and DMD. [181] Similarly, direct ink writing allows the
fabrication of macroscopic samples that optionally can be composed of multiple materials with a resolution of 100-
200 um. [182] Resolutions of 200 um [183], 100 um [127] or even 35 um [184] can be obtained if supporting
matrices consisting of granular microgels or shear-thinning self-healing hydrogels are employed. However, the
composition of materials made with these methods cannot be abruptly changed. Abrupt changes in the

composition have been reported for 3D-printed continuous filaments, yet with a reduced resolution. [185] Methods
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to fabricate composites made of multiple different materials that possess well-defined microstructures and whose

composition can be abruptly and controllably changed remain to be established.

A possibility to gain true control over the local composition of soft materials is the immobilization and solidification
of reagent-loaded drops in obstacle-free microfluidic devices. Drops can be immobilized in obstacle-free Hele-Shaw
cells for example using acoustic waves [186] or electrostatic potentials. [187], [188] However, such active methods
rely on complicated microfabrication methods and require external energy sources, such that up-scaling becomes
tedious. An elegant, passive method to immobilize drops in an obstacle-free Hele-Shaw cell is the use of microfluidic
traps. This method relies on the minimization of the surface energy of drops: When drops with a diameter larger
than the channel height are squeezed into the cell, they deform into pancakes, thereby increasing their surface
area and hence total energy, E = yA; here y is the interfacial tension and A the surface area. Squeezed drops can
relax if they encounter a trap; a restricted area where the channel height is locally increased. In this case, the surface
energy of drops decreases. The gradient in surface energy between the squeezed and partially relaxed state of
drops leads to a trapping force that opposes the drag force and hence, enables immobilization of drops. Studies
conducted in Hele-Shaw cells demonstrated that larger traps produce larger trapping forces while larger drops
experience larger drag forces. [189] Devices that immobilize drops in microfluidic traps have been employed to
monitor the evolution of cells, [190], [191] chemical reactions, [190] or to investigate cross-talk between emulsion
drops. [192], [193] However, this strategy has never been employed to design macroscopic materials with well-

defined locally varying compositions.

In this chapter, we introduce a microfluidic trapping device that enables the design of hydrogel sheets with locally
varying compositions. To achieve this goal, we study the influence of the geometry of traps on their trapping
strengths. We demonstrate that the trapping strength depends on the depth, area, and in-plane geometry of the
trap. Based on these experimental results we introduce a mathematical model and perform simulations to predict
the trapping strength. These tools facilitate the design of Hele-Shaw cells containing traps with different trapping
strengths that enable the immobilization of different types of drops at well-defined locations. To demonstrate the
potential of this device, we fabricate different examples of hydrogel sheets with locally varying compositions and

controlled microstructures.

5.3 Experimental Section

5.3.1 Fabrication of the Microfluidic Devices

Microfluidic devices are produced from poly(dimethyl siloxane) (PDMS, Sylgard 184, Dow Corning, USA) using soft
photolithography. [194] The PDMS mold is bonded to a glass slide using oxygen plasma (Plasma Harrick, UK) to
close the chamber. To render the surfaces fluorophilic, we inject a HFE7500-based solution (Novec, 3M, USA)
containing 2% (v/v) trichloro- (1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, USA). The solution is kept in the

channels for 15 minutes before the channels are dried with compressed nitrogen. To render the surfaces hydrophilic

80



we inject a polyelectrolyte solution containing 2% (w/w) PDADMAC poly(Diallyldimethylammoniumchloride)
(Sigma-Aldrich, USA) in a 2M sodium chloride solution. The solution is kept inside the channels for 1 hour before
the solution is removed with compressed nitrogen. The channel height h is kept constant at 55 + 3 um for all the
experiments. Its variation was measured using a VK-X360K 3D Laser Scanning Confocal Microscope (Keyence,
Belgium). To study the influence of the trap dimensions on the trapping strength, we employ a 1.5 mm wide and
5.1 mm long microfluidic channel. The center-to-center distance between the traps is 800 um. Our polygonal traps
have an area of 7854 um?, equivalent to the area of circular traps with diameter W = 100 um. To fabricate hydrogel
sheets, we use a 4 mm wide and 19.3 mm long Hele-Shaw cell that contains 570 traps. Hexagonal traps with an
area of 7854 um? and square traps with an area of 3849 um? are used for strong and weak traps, respectively. These
areas are equivalent to the areas of circular traps with diameters W = 100 um and 70 um, respectively. For the

second and third applications we employ hexagonal traps with an area of 7854 um? to ensure strong trapping.

5.3.2 Formation of Water-In-Oil Emulsion Drops

Water-in-oil drops are produced using a microfluidic flow focusing device whose main channel is 100 um wide and
55 pm tall. [195] We employ an aqueous solution containing 15% (w/w) poly(ethylene glycol) (PEG, Myy = 6 kDa)
as a dispersed phase and HFE7500 as a continuous phase. To ensure that drops do not break during any of the liquid
exchange steps, we add 1% (w/w) of a fluorinated triblock surfactant (DiFSHJeffamine900) to the oil phase. [196]
The interfacial tension between the water and the oil phase is 5 mMN/m, as measured with the pendant drop method
(Kriiss, DSA30, Germany). The two phases are injected into the device at 100 pl/h and 500 pl/h for the water and

oil phase, respectively, using two volume-controlled syringe pumps (Cronus Sigma 1000, Labhut, UK).

5.3.3 Measuring Critical Flow Rates of Traps
For every data point, experiments are performed on at least 2 different microfluidic chips to exclude that observed
differences in trapping strength are related to surface treatments. In every device, at least 6 drops are measured

per geometry, resulting in at least 12 data points from which we calculate the average and standard deviation.

5.3.4 Fabrication of Structured Hydrogel Sheets

Hydrogel sheets with locally varying compositions are fabricated using aqueous solutions containing 50% (w/w)
PEGDA (PEG700-DA, My, = 700 Da, Sigma-Aldrich, USA) and 2% (w/w) 2-hydroxy-2-methylpropiophenone (97%,
Sigma-Aldrich, USA), a photoinitiator. 33% (v/v) of fluorescent, red food colorant (Migros, CH), or 0.8 mg/ml
fluorescein disodium salt (Carl Roth, Germany) are added to label different batches of drops. Drops are trapped
before reagents contained in them are polymerized by exposing the device to UV light (320 nm < A < 500 nm)
(Omnicure S 1000, Lumen Dynamics, Canada). We keep the distance between the optical fiber, which has a
diameter of 8 mm, and the microfluidic device constant at 5 cm and expose the sample to UV light for 3 minutes to
ensure complete curing of the hydrogel. The matrix, composed of the same polymer and photoinitiator, is inserted

using a syringe pump and crosslinked with UV light as described above. The device is opened using a surgical blade
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and the resulting hydrogel sheet is removed from the device. Hydrogel sheets are observed under a fluorescent

microscope (Eclipse Ti-S, Nikon, Japan).

For the sheets with selective absorption, we use an aqueous solution containing 20% (w/w) AMPS (2-Acrylamido-
2-methylpropane sulfonic acid, Sigma-Aldrich, USA) as a monomer, 3% (w/w) N,N'-Methylenebisacrylamide (Sigma-
Aldrich, USA) as a crosslinker, and 11 pl/ml 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich, USA) as a
photoinitiator. The sheets were stained using an aqueous solution containing 0.8 mg/ml cresyl violet perchlorate

(Sigma-Aldrich, USA).

For the fabrication of porous hydrogel sheets, we render all surfaces hydrophilic. We employ the fluorinated oil
phase described above as the dispersed phase and an aqueous phase containing 50% (w/w) PEGDA700, 2% (w/w)
2-hydroxy-2-methylpropiophenone, and 1% (w/w) Pluronic F127 Krill, a surfactant, as the continuous phase. The
surface profile of the pore was recorded using a VK-X360K 3D Laser Scanning Confocal Microscope (Keyence,

Belgium).

5.3.5 Surface Evolver Simulations

Equilibrium states of drops in traps in steady state are evaluated using the Surface Evolver software. [197] Surface
Evolver is an efficient numerical solver that relaxes the shape of fluid interfaces in space-dependent energy
landscapes under different constraints, such as conservation of volume or presence of solid boundaries. The contact
angle was put to 179° for non-wetting conditions and gravity was neglected. Drops have a volume of 0.9 nL except
if stated otherwise. The channel height is kept constant at 55 um for all simulations. The evolution of the simulations

is monitored using a built-in surface energy evolution diagram.

5.4 Results

The fabrication of materials whose composition can be locally tuned with a tight control over the type and location
of the different components requires means to selectively immobilize drops. To achieve this goal, we design traps
with different trapping strengths. Different types of traps with varying trapping strengths can then be arranged on
the same Hele-Shaw cell to selectively immobilize different types of drops, as schematically shown in Figure 5.1a.
We take the minimum flow rate where immobilized drops are released from their trap, the critical flow rate Q, as
a measure of the trapping strength. To quantify Q., we design a 5.1 mm long, 1.5 mm wide, and 55 um high
microfluidic chamber that contains four traps in a row, as schematically shown in Figure 5.1b. Water-in-oil drops
with an average volume of 0.9 + 0.04 nL are produced in a flow focusing junction that is located upstream the main
chamber. We produce drops with a diameter much larger than the channel height h. These drops remain squeezed
and attain a pancake-shape when entering the main chamber. When they encounter a trap, they relax into it to
minimize their surface energy, as schematically shown in the steady-state Surface Evolver simulation [197] in Figure
5.1c. As a result of the decreased surface energy, the drops remain trapped. When all four traps are occupied with

drops, we stop their production and set the flow of the continuous phase to zero, as shown in the optical micrograph

82



in Figure 5.1di. When we increase the flow rate of the surrounding oil but keep Q < Q, drops deform in the
direction of the flow but find an equilibrium position such that they remain trapped, as shown in Figure 5.1dii.

When Q > Q., drops are removed from their trap, as shown in Figure 5.1diii.

a Hele-Shaw cell strong traps weak traps
e /

S —

/ b
drops batch 1 drops batch 2
flow focusing junction W
/ outlet
ur a % o h
oil inlet ) traps  2mm
water inlet 3R

P e 1

000668 K0

I
100 ym

Q=0 Q<Q, Q>Q,

Figure 5.1: Microfluidic traps with different trapping forces. (a) Schematic illustration of proposed device that contains two types of traps with different
trapping strengths to selectively immobilize drops from different batches. (b) Sketch of a microfluidic device used to measure the critical flow rate of traps,
composed of a flow focusing junction that is connected to a main chamber containing 4 identical traps. (c) Side view of a trap occupied by a drop that is
simulated with Surface Evolver. The relevant dimensions are defined as channel height h, trap depth p, trap width W, radius of the drop in the channel R, and
radius of curvature of the drop r. (d) Time-lapse optical microscopy images of a trapped drop (i) under static conditions and when the surrounding oil flows at

a rate (ii) below and (iii) above Q.. Reproduced from [198] with permission.

5.4.1 Influence of Trap Width

To design traps with varying trapping strengths, we investigate the influence of the dimensions of traps on their
trapping strength. We employ circular traps, which have been shown to efficiently trap drops, [189], [199] and vary
their width W . The critical flow rate increases with increasing trap diameter for traps with W < 100 um and reaches
a plateau thereafter, as summarized in Figure 5.2a. To investigate the origin of the independence of the critical flow
rate with respect to the trap diameter for large trap diameters, we image the drops in the traps. Only a fraction of
the projected drop area occupies the trap if W < 100 um. This is in stark contrast to traps with diameters exceeding
100 um where the entire projected drop area is contained within the trap such that the trapping force, K, remains

within experimental error constant, as shown in Figure 5.2a and 5.2b.
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Figure 5.2: Trapping regimes. (a) Critical flow rates Q. as function of the trap diameter W for trap depth p = 30 um. (b) Optical microscopy images of drops
that are immobilized through traps with increasing W. The traps are highlighted with a red circle for better visibility. (c) Surface Evolver renderings for the

three trapping regimes. Reproduced from [198] with permission.

5.4.2 Simulations of Drop Shapes at Equilibrium

The magnitude of the trapping force is related to the shape drops attain when relaxing into traps. [199] To
investigate this parameter, we simulate trapped drops in steady state using Surface Evolver. At equilibrium, the
pressure jump AP across the interface of a drop must be constant throughout the drop surface. According to the
Laplace equation, the curvature scales inversely with AP such that AP must also be constant throughout the drop
surface. The equilibrium curvature of the in-trap drop interface is hence equal to the curvature of the drop interface
inside the channel. For R >> h, this can be approximated as r = 8hR/(8R + mh); [200]-[202] with R the radius

of the pancake in the channel. We herein consider this approximation to be also valid for R ~ h.

Our simulations reveal three different trapping regimes that depend on the ratio of W to the radius of curvature r:
If r > W/2, the part of the drop that relaxes into the trap forms a spherical cap, as shown in Figure 5.2c to the
left; we color-coded this regime orange. In this case, the deformation of the drop into the trap is limited by r, as

has been described earlier. [199] By contrast, if r < W /2, the trap is wide enough for the drop to fully enter such
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that it touches the trap ceiling and flattens against it. The part of the drop contained in this type of traps attains a
shape what we call a dome, shown in Figure 5.2c in the middle; we color-coded this regime blue. In this regime, the
deformation of the drop into the trap is limited by the trap depth p. If R < W /2, the projected area of the drop
fully lies inside the trap and the drop attains the shape of a pancake that is much more relaxed compared to that

in the channel, as shown in Figure 5.2c to the right; we color-coded this regime green.

5.4.3 Influence of Trap Depth

To test the validity or our categorization of the trapping regimes, we vary the trap depth p and evaluate the critical
flow rate Q. as a function of W. We expect Q. to be independent of p if the drops form a spherical cap where 2r >
W. By contrast, we expect Q. to increase with the trap depth p if 2r < W and 2R < W as in these cases the
degree of relaxation of drops into traps increases with increasing trap depth. Indeed, if 2r > W, we do not observe
any influence of p on Q, as shown by the orange curves in Figure 5.3a. By contrast, if 2r < W and 2R < W, Q,
increases with increasing p, as shown by the green and blue curves in Figure 5.3a. These results are in excellent

agreement with our expectation and support our proposed trapping regimes.

Our and others [199] results suggest that the trapping force is influenced by the decrease of the surface energy of
a drop upon its relaxation into a trap. An interesting physical proxy to quantify the drop deformation into the trap
is to determine the volume fraction of the drop contained in the trap. Although this parameter has a priori no direct
physical meaning and its relation to Q. cannot be generalized, it allows to determine to what extent a drop relaxes
into a trap of a given depth. This information is acquired by imaging a drop when it is squeezed in the Hele-Shaw
cell and while it is trapped. We calculate the volume of the pancake contained in the Hele-Shaw cell with our model
by measuring its radius R from optical microscopy images and taking the known value of the channel height h, as
detailed in the Supporting Information. The volume of the drop contained in the trap is calculated from the volume
difference of the pancakes located in the channel between the trapped and untrapped states. For 2r > W, the
drop volume contained in traps is independent of p, as shown by the orange solid symbols in Figure 5.3b. By
contrast, if 2r < W, the drop volume contained in traps increases with p, as shown by the blue solid symbols in
Figure 5.3b. To test our findings, we evaluate the volume fraction of drops contained in traps with varying p using
Surface Evolver simulations and a mathematical model, which is described in more details in chapter 5.4.5. The
simulation and modelling results are in excellent agreement with our experimental ones, as shown in Figure 5.3b
by empty symbols and crosses for simulations and modelling, respectively. They confirm that the extent of
relaxation of drops in traps is independent of p if 2r > W, but it increases with increasing p if 2r < W. Further,
the volume fraction of the drop in the trap scales with the change of the surface area of the drop for a fixed trap
in-plane geometry. As a result, for a fixed in-plane trap geometry, the critical flow rate and the volume fraction of
the drop in the trap do show similar slopes, as exemplified in blue for large, circular- shaped traps in Figures 3a and

3b. From this finding, we deduce that the range over which the trapping strength can be varied is much wider if the
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diameter of traps exceeds 2r. Note that this condition is not valid for very shallow traps, as detailed in chapter

5.4.5.
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Figure 5.3: Influence of trap depth p on trapping. (a) Experimentally measured critical flow rates as a function of p for W = 40 (orange triangles) and 70 pm
(orange circles), where trapped drops form spherical caps, W = 100 um, where trapped drops form domes (blue), and W = 150 um (green circles) and 200
um (green triangles), where trapped drops form pancakes. The solid lines represent linear fits to the results. (b) Volume fraction of the drop in the trap as a
function of p for W = 70 um (orange) and 100 um (blue). Filled symbols represent experimental results, empty symbols result from Surface Evolver simulations,
and crosses result from the mathematical model for a drop volume that is equal to the one used for simulations. The solid lines are linear fits to the
experimental results. Insets: Surface Evolver renderings of trapped drops for p = 20 um (left) and 40 um (right) and W = 100 pm (top) and 70 um (bottom).

Reproduced from [198] with permission.

5.4.4 Calculations of Surface Area Change Upon Trapping

To facilitate the design of traps possessing different trapping strengths it would be beneficial to predict Q. for
different trap geometries and drop sizes. This would require means to estimate the change in surface area that
drops undergo when they enter a trap. To do so, we initially only consider the untrapped, squeezed pancakes
located in the channel. Different models have been proposed to calculate the surface area and volume of drops
squeezed into a pancake shape within a Hele-Shaw cell. [203], [204] These models provide accurate results of the
surface area either for heavily [203] or minimally squeezed drops, [204] but not for both cases. To predict Q., we

need a model that captures the drop shape for a wide range of aspect ratios. To achieve this goal, we describe the

86



drop as a cylinder surrounded by a half-torus, as sketched in the inset of Figure 5.4a. The volume of the drop is

calculated as

2 2
V =2mn for(\/rz —z%+4x,) dz = %h3 + %xahz + x4 2h, (5.1)
and the surface area is calculated as
A=4n for(\/rz —z% + xa)\/ﬁdz + 2mx,? = m?x,h + wh? + 2mx,2, (5.2)

here, r is defined as the channel height divided by two, h/2, and x, as the difference between R and r. For
simplicity, we consider a constant radius of curvature r. Our model is in excellent agreement with the surface area
data obtained from Surface Evolver simulations: The deviation of these two data sets is below 0.3% for channel
heights varying between 10 um, where drops are deformed to extremely high aspect ratios, and 120 um, where
drops are not confined and attain a spherical shape, as shown in Figure 5.4b. Indeed, this simple model shows
excellent agreement over a wide range of channel heights that has not been achieved with the previously reported

models, as shown in Figure 5.4a.
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Figure 5.4: Surface area model for drops squeezed in a Hele-Shaw cell. (a) Surface area as a function of the channel height for the model proposed by Lv [203]

using elliptic integrals (green), the model proposed by Nie et al. [204] using a truncated sphere (blue), the model proposed in this chapter using a disk with

surrounding half-torus (black), and Surface Evolver simulation data (red, empty symbols). Inset: Schematic illustration of a drop squeezed in a channel of height
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h with indicated radius of the resulting pancake R, the length of contact between drop and channel x,, and the radius of curvature r. (b) A comparison of our
model (black, solid symbols) with simulation data obtained from Surface Evolver (red, empty symbols) shows excellent agreement of the two data sets with
errors below 0.3% over a wide range of channel heights. Reproduced from [198] with permission.

To describe the total surface area of trapped drops, that includes the surface area of the pancake and the cap that
resides in the traps, we extend our model using geometric arguments. The calculated values are in excellent
agreement with values obtained from Surface Evolver simulations, as shown in Figure 5.5a. These estimations
greatly facilitate the design of optimized traps. The agreement between our model and simulations further indicates

that the approximation for r is justified to describe the relaxation of drops into traps, even for cases where R ~ h.

5.4.5 Description of Model for Drops Relaxing into Spherical Microfluidic Traps

To describe the change in surface area of drops upon their trapping and the volume of the drop located in the trap,
we model all parts of the drop with the same curvature. Note that the curvature is conserved in 3D, such that it is
the product of the curvatures along two planes e.g. the xz-plane and the xy-plane. To describe the shape of the
trapped drop, we integrate a curve revolving around the central z-axis of the trap along the z-direction. All the
calculations for different trap geometries are given in Figure 5.5c. We compare the resulting surface areas of our
model to simulations, initially starting with a drop volume of 0.9 nL, as shown in Figure 5.5a. Our model is in
excellent agreement with the Surface Evolver simulation data for traps with widths of 40 um and 70 um, as shown
by the orange filled squares and triangles in Figure 5.5a, respectively. We also calculate the surface area of drops
trapped in traps with W = 100 um and p < 40 um. Also in this case, the model predictions agree well with the

simulations, as shown by the blue filled circles in Figure 5.5a.

To extend our model we increase the trap depth p to 55 um, even though we did not experimentally address these
cases. In these cases, r < p, such that the dome fully lies inside the trap; we color-coded this case purple. To
describe the shape of drops in these traps, we add a cylinder with radius W /2 and height (p — r) below the dome.
A large volume fraction of the drops is located inside these deep traps such that the pancake in the channel starts
to disappear; these cases are not captured properly by the model anymore. Although the error remains within 1%
for p =55 um compared to simulations the surface area found with the model is underestimated and the results
diverge, as shown in Figure 5.5a. To test the validity of our model for deep traps that immobilize larger drops, we
increase the drop volume two-fold to 1.8 nL, while keeping the trap geometry unchanged. As long as the fraction
of the drop located in the Hele-Shaw cell attains a pancake shape, our model shows excellent agreement with
simulations, even if traps are as deep as 55 um, as shown in Figure 5.5b. The error between the calculations and

simulations for larger drops in deep traps remains below 0.3%.

We introduce a calculation tree that enables the quantification of both the surface area change between the
trapped and untrapped state of drops and the volume located in the trap. This information enables the prediction
of the trapping force solely based on geometrical parameters h,p, W, R, as shown in Figure 5.5c. This part of the

model is based on three different trapping regimes: Large and deep traps where r < p such that drops are
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described with a dome and a cylinder added below the dome, large traps where r > p such that the part of the
drop contained in the trap forms a dome, and small traps where the part of the drop that relaxes into the trap
forms a spherical cap. The three regimes are labeled as 1, 2, and 3, and are color-coded in purple, blue, and orange,

respectively in Figure 5.5c.
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Figure 5.5: Model for quantifying the surface area change of drops between the trapped and untrapped state and the drop volume. (a-b) Surface area obtained
from the model 4, compared to the surface area obtained from Surface Evolver simulations Ag for a drop volume of (a) 0.9 nL and (b) 1.8 nL for spherical
traps with W = 40 pum (squares), W = 70 pum (triangles), W = 100 um (circles). Different data points with the same symbol indicate different trap depths p.
The color code differentiates the different trapping regimes; dome with underlying cylinder (regime 1, purple), dome (regime 2, blue), and spherical cap
(regime 3, orange). Empty symbols correspond to traps that were not experimentally addressed. The channel height was kept constant at h = 55 um. Insets:
Surface Evolver renderings of drops in traps with W = 100 um and p = 40 um. The straight line indicates y = x, and dotted lines indicate (a) 1% error and (b)
0.5% error. (c) Three different trapping regimes. A calculation tree is presented to evaluate V and A. At first the radius of curvature r is calculated as a function
of the pancake radius R and the channel height h. If r > W /2 a spherical cap deforms into the trap. The spherical cap can either freely deform into the trap,
which leads to case 3, or is limited by the trap top, which leads to a flattening of the spherical cap and the formation of a dome, regime 2. If r < W /2 the

drop forms a dome if r > p, case 2, or a dome with a cylinder below if r < p, case 1. Reproduced from [198] with permission.
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5.4.6 Influence of the In-Plane Trap Geometry on the Critical Flow Rate

We expect the in-plane trap geometry to be another parameter to critically influence the trapping
strength. To test this hypothesis, we quantify Q. as a function of the number of corners of the trap, N.
We design five different polygonal traps that have identical surface areas and N = 3, 4, 5, 6, or o
corners, as shown in optical micrographs in Figure 5.6a. We consider the initial circular trap as a limiting
case with an infinite number of corners. For traps with a depth of p = 15 um, the critical flow rate
increases by 39% from 45.3 + 4.8 ulL/h for N = 3 to 63.1 = 3.0 uL/h for N = o, as indicated by the
green symbols in Figure 5.6b. The increase in Q. with increasing N becomes even more pronounced
for deeper traps: If p is increased to 40 um, Q. increases by 60% from 86.9 + 8.3 um to 139.4 + 15.6
pm for N = 3 and oo respectively, as shown in Figure 5.6b. To test if the stronger increase in Q. for
traps with p = 40 um is related to the higher absolute values of Q. of deeper traps, we normalize all
values of Q. with the ones measured for the circular trap with the same p, Q./Q¢°. Indeed, all
normalized data falls onto a master curve where the critical flow rates Q. of triangular and square
traps is approximately 30% lower than that of circular and hexagonal counterparts, as shown in Figure

5.6¢.

To investigate the reason for the measured increase in Q. with increasing number of corners of the
traps, we simulate the relaxation of drops into traps with different in-plane geometries in steady state
using Surface Evolver. Drops that are immobilized in triangular traps strongly retract from the corners
to maximize the radius of curvature and hence, to minimize the Laplace pressure within the drops, as
shown in Figure 5.6d. The interface position can be understood as an equilibrium location in a
geometrical singularity, in this case the corners, where the Laplace pressure within the drop is
minimized. As a result of this retraction, the decrease in surface area is much smaller for drops
immobilized in triangular traps than that of drops immobilized in circular traps, as shown in Figure
5.6e. The difference in surface area between trapped and untrapped drops increases with increasing

N and is most likely a contributing factor for the observed increase in Q.

We hypothesize that another contributing reason for the observed decrease in Q. with decreasing N
could arise from increased drag forces. The size of gutters that form when drops retract from the trap
corners increases with decreasing number of sides. As the size of gutters increases, more continuous
phase can flow into them. We expect this effect to impart higher drag forces on the drop, thereby
decreasing Q.. To test this hypothesis, we artificially add gutters to the polygonal traps with N =4, 6,
oo by increasing their length threefold, as exemplified in the inset of Figure 5.6f for the circular trap.
For these trap geometries, we use N* to refer to the number of corners of the polygons and modified,
elongated geometries. Additional gutters do not measurably influence Q. of square traps. By contrast,

they significantly decrease Q. of hexagonal and circular traps, as shown in Figure 5.6f. Triangular and
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square traps possess relatively large gutters and hence increased drag forces compared to circular
traps, such that the addition of even larger gutters does not measurably alter Q.. By contrast,
hexagonal and circular traps possess gutters that are too small to significantly increase the drag force
exerted on drops. If large gutters are added to these geometries, the drag force increases and hence,
Q. decreases. These results indicate that the lower values of Q. for triangular and square traps can at
least partially be assigned to the drag force exerted on drops by the continuous phase flowing into the
gutters. Note that the orientation of triangular and square traps relative to the flow of the continuous
phase does not measurably influence Q., as shown in Figure 5.7. These results demonstrate that Q.

can also be tuned over a considerable range with the in-plane geometry of traps.
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Figure 5.6: Influence of the in-plane geometry on the critical flow rates of microfluidic traps. (a) Optical micrographs of polygonal traps with
N = 3, 4, 6, and oo sides, each one immobilizing a drop. (b) Q. as a function of N for trap depths p = 15 um (green), 20 pm (red), 30 um
(blue), and 40 pm (black). (c) Q. normalized by Qoo for different trap heights. (d) Surface Evolver renderings of a triangular and a spherical
trap holding drops in steady state. Drops in triangular traps retract from the sharp corners. The renderings are for illustration purposes only

and are not to scale. (e) Surface Evolver simulation data of the surface area difference between the trapped and untrapped state normalized

91



by the value obtained for the circular trap for p = 15 um (green), 20 pm (red), 30 pm (blue), and 40 pm (black). (f) Q. as a function of the
modified number of sides N* for traps with a depth p = 30 um with (black) and without (blue) artificial gutters. The black dotted line provides
guidance to the eye. Insets: Optical micrographs of traps with (black) and without (blue) additional gutters for N* = oo, Reproduced from

[198] with permission.
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Figure 5.7: Influence of the orientation of triangular and square traps on Q.. Q. as a function of the number of corners of the polygonal trap
N* for two different orientations of traps. Insets: Micrographs of polygonal traps with different orientations relative to the flow of the
continuous phase. Error bars represent the standard deviation and are calculated from at least 12 measurements. Reproduced from [198]

with permission.

5.5 Discussion

The trapping force, F, = yAA/d, scales linearly with the change in surface area between trapped and
untrapped drops, AA; here d is the characteristic length scale over which the surface area changes.
[199] To test if this scaling applies to the traps investigated here, we calculate AA using the model
derived in chapter 5.4.5 and divide it by d, which we take as the length of the trap in the direction of
flow for drops that are not entirely contained in the traps. For drops whose projected area is fully
inside the trap, we take d as the sum of the pancake radius R of a drop inside the trap and that of a
drop squeezed in the channel. The surface tension y is kept constant and measured to be 4.5 mN/m
for all experiments. Hence, we only consider the geometric components of F, = yAA/d. All our
measured data points fall reasonably well onto a Master curve when we plot Q. as a function of AA/d,
as shown in Figure 5.8, justifying our approach. This result indicates that we can predict Q. using simple

geometric arguments, thereby significantly facilitating the design of microfluidic trapping devices.
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Figure 5.8: Influence of the trapping force on the critical flow rate Q.. Q. as a function of the surface area change 44 divided by the
characteristic length over which the change in surface energy takes place, d for circular traps with W = 40 um (dark orange circles), 70 um
(light orange circles), 100 um (blue circles), and 150 um (green circles), triangular traps with W = 100 um (magenta triangles), and square
traps (black squares) with W = 100 pum. Filled symbols represent 44 /d values obtained from the model and empty symbols represent 44/d

results obtained from Surface Evolver simulations. Reproduced from [198] with permission.

5.5.1 Application to the Design of Hydrogels with Locally Varying Compositions

To demonstrate the potential of microfluidic trapping to design materials with locally varying
compositions, we fabricate a microfluidic device with a 4 mm wide and 19.3 mm long Hele-Shaw cell
that contains 570 traps. The device features two different types of traps, larger hexagonal traps with
a critical flow rate Q¢ y = 100 * 15 pl/h and smaller square traps with a critical flow rate Q¢ s =34
4 ul/h. We form a first batch of aqueous drops that is labelled with a red fluorescing dye and immobilize
the drops in all traps, as shown in Figure 5.9a. We subsequently rinse the Hele-Shaw cell at a flow rate
Qcs < Q < Qcp,so that all drops that are immobilized in hexagonal traps remain trapped while the
ones immobilized by square traps are removed, as shown in Figure 5.9b. We convert the trapped drops
into hydrogel particles by exposing the device to UV light. A second batch of aqueous drops labelled
with fluorescein is formed and these drops are immobilized in the remaining traps, as shown in Figure
5.9c. Untrapped drops are removed by rinsing the Hele-Shaw cell with Q < Q¢ s. The trapped drops
are again converted into hydrogel microparticles through UV illumination, as shown in Figure 5.9d.
Finally, we exchange the continuous oil phase with an aqueous phase containing poly(ethylene glycol)
diacrylate (PEGDA) and a photoinitiator, as shown in Figure 5.9e. Note that our microgels are very stiff
such that we do not observe any deformation of these particles during the introduction of the matrix
precursor. We solidify this solution through UV illumination to obtain an intact hydrogel sheet whose

composition can be deliberately changed with a high spatial precision, as shown in Figure 5.9f and 5.9g.
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Hydrogel sheets fabricated in such microfluidic devices are mechanically stable and can be further

processed and tested, as exemplified in Figure 5.9h.

To demonstrate the power and versatility of our platform to fabricate functional hydrogel sheets
possessing well-defined microstructures, we design hydrogel sheets encompassing polyelectrolyte
microgels. To achieve this goal, we produce aqueous drops loaded with the monomer AMPS (2-
Acrylamido-2-methylpropane sulfonic acid), a crosslinker and a photoinitiator, and immobilize them in
large hexagonal traps as used above. Untrapped drops are removed before the immobilized drops are
converted into PAMPS particles by illuminating them with UV light to initiate the polymerization
reaction within them, as shown in Figure 5.10a. The oil is subsequently replaced with an aqueous
matrix solution containing PEGDA and a photoinitiator. During this solution exchange, the
polyelectrolyte particles swell by at least a factor three in in-plane diameter, as indicated with the red
circles in Figure 5.10a and 5.10b. After the matrix precursor is polymerized, the integral hydrogel sheet
is removed from the microfluidic chip. To demonstrate its functionality, we immerse the
microstructured sheet in a solution containing cresyl violet perchlorate, a positively charged dye. The
dye is selectively adsorbed within the polyelectrolyte particles, as indicated by their color change in
Figure 5.10c. This example demonstrates the versatility of this device in terms of materials that can be

used to introduce micropatterns and functionality into hydrogel sheets.

Our results demonstrate that our device is well-suited to fabricate micropatterned hydrogel sheets.
However, this technology is not limited to trapping water-in-oil emulsions but can also be used to trap
oil-in-water emulsions. To demonstrate this feature, we form drops composed of a fluorinated oil that
encompasses surfactants. These drops are dispersed in an aqueous solution containing PEGDA and a
photoinitiator. After the traps are occupied by oil drops and untrapped drops are removed, we
polymerize the PEGDA to obtain a hydrogel sheet possessing well-defined highly regular micro-pores,

as shown in Figure 5.11.
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Figure 5.9: Fabrication of a hydrogel sheet with locally varying compositions. Optical micrographs of a microfluidic trapping device (a) as it is
filled with a first batch of drops containing a red fluorescing label, (b) after the excessive drops have been rinsed out and the trapped drops
have been converted into particles, (c) as it is filled with the second batch of drops, (d) after the excessive drops have been rinsed out and
the trapped drops have been converted into particles, (e) as the continuous oil phase is replaced with an aqueous phase containing precursors
of the matrix and (f) after the matrix material has been solidified to result in an integral hydrogel with locally varying compositions. (g)
Fluorescence micrograph of an integral hydrogel sheet encompassing two different types of microgels. (h) Free-standing macroscopic

hydrogel sheet. Reproduced from [198] with permission.

Figure 5.10: Fabrication of a selectively adsorbing hydrogel sheet. Optical micrographs of (a) polymerized PAMPS particles that are
surrounded by an oil phase and (b) PAMPS particles swollen in the matrix precursor that was subsequently polymerized. (c) Integral hydrogel
sheet that has been removed from the device and immersed in a cresyl violet-containing solution. Cresyl violet is electrostatically attracted
by the anionic microparticles, as indicated by the selective staining. The red circles in (a) and (b) highlight the borders of the PAMPS microgels

(a) before and (b) after they have been swollen in the matrix precursor solution. Reproduced from [198] with permission.
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Figure 5.11: Fabrication of a porous hydrogel sheet from oil-in-water drops. Optical micrograph of a porous hydrogel sheet after it has been

removed from the microfluidic device with the surface profile of a pore as an inset. Reproduced from [198] with permission.

5.6 Conclusion

We introduce a microfluidic Hele-Shaw trapping cell that enables the fabrication of hydrogel sheets
with locally varying compositions. Importantly, our method enables tunable, abrupt changes in
material composition on the 100 um length scale, in stark contrast to most additive manufacturing
techniques that rely on the continuous deposition of filaments. The abrupt compositional changes are
achieved by selectively immobilizing different types of drops at well-defined locations using traps
possessing varying trapping strengths. We demonstrate that the trapping force strongly depends on
the area, depth, and in-plane geometry of the traps and hence can be tuned over a wide range.
Importantly, this method is not limited to the fabrication of hydrogels but can be extended to many

other types of materials whose precursors can be processed into emulsion drops.

| believe that this platform opens up new possibilities to study how the mechanical properties of MRHs,
such as stiffness and strength, depend on the position and distribution of microgels contained within
quasi-2D hydrogel sheets. While | have shown in chapters 3 and 4 that these properties indeed depend
on the architecture of the first network, its microstructure was only partially controllable, by means of
varying the size, shape and volume fraction of the reinforcing microgels. However, the actual
microstructure of the MRHs was still random. With the microfluidic Hele-Shaw cell | present in this
chapter, we gain control over the precise spatial arrangement of different types of microgels. | hence
believe that the presented device allows to elucidate design rules for stiff and strong hydrogels by
precisely controlling their position and hence the microstructure of MRHs. This will provide design
guidelines that will have direct implications for other, large-scale processing techniques, such as 3D
printing. Additionally, the device may, by adding stimuli-responsive microgels to strategic locations
within the sheet, enable the fabrication of the next generation of sensors and actuators. Further,
conductive polymers could be employed in spatially well-defined regions in the hydrogel sheets to
fabricate hydrogel sheets with abrupt alterations between conductive and insulating regions, which

will likely find use in soft electronic switches or hydrogel batteries.
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Chapter 6

Conclusion & Outlook

Many rapidly growing research areas including biomedical engineering or soft robotics continuously
demand for new advanced, soft materials that better withstand fracture and deformation than their
predecessors. An almost infinite source of inspiration for the development of new materials is the
natural world, that provides us with many time-tested reinforcing strategies. In the field of soft
materials, these natural models, such as tendons or the mussel byssus cuticle, often show superior
stiffness and toughness compared to their synthetic counterparts. A contributing reason for this
shortcoming of synthetic materials is their lacking microstructure. While many natural materials are
structured on different length scales, synthetic hydrogels are often homogeneous and possess a well-
defined structure only on the molecular level. A promising, bio-inspired route to design tough and

load-bearing synthetic hydrogels is hence to introduce microstructures into them.

In this dissertation, | investigate how the microstructure of microgel-reinforced hydrogels influences
their stiffness and fracture energy. | show that overall, the microgel volume fraction is the most
important design parameter in MRHs. It determines firstly, alongside the microgel size, their shape and
polydispersity, the rheological properties of the MRH precursors and whether they can be 3D printed,
if the microgels contained in them are jammed, or if they are well suited for molding, if their viscosity
is low. | show that the fracture energy of MRHs is independent of the microgel size, but linearly
depends on the effective microgel volume fraction regardless of their degree of swelling. In contrast,
the strength of MRHs depends on the microgel size, while the stiffness of fully swollen gels, as well as
the work of extension depend on the microgel connectivity. | believe that the field of soft materials
will greatly benefit from these insights, which provide design rules for the engineering of stiff and

tough hydrogels, paired with advanced processability.

In chapters 3 and 4, | controlled the microstructure of bulk MRHs by varying the size, shape and volume
fraction of the reinforcing microgels. However, the actual resulting microstructure was still random.
To gain direct control over the microstructure in hydrogels, | introduce a microfluidic trapping device.
It enables the introduction of spatially well-defined, periodic microstructures consisting of different
types of reinforcing microgels into quasi-2D hydrogel sheets. By employing capillary traps with
different trapping strengths and by positioning them at well-controlled locations, different types of
drops containing microgel precursors are selectively immobilized on-chip, and are subsequently
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polymerized to form microgels. | then insert the matrix precursor solution into the microfluidic chip
and polymerize it to produce a hydrogel sheet that contains different types of microgels at well-defined
locations. | believe that the presented microfluidic platform will allow, in the future, to elucidate more
advanced design rules on how the stiffness and strength can be engineered in MRHs by precisely
controlling the connectivity and arrangement of the microgels. These findings will be directly

applicable to other, large-scale processing techniques, such as 3D printing.

| further envision that this device can be utilized to fabricate the next generation of hydrogel actuators.
By positioning stimuli-responsive microgels at strategic locations within the hydrogel sheet, the latter
can fold upon stimuli. The introduced device bears the advantage that a wide variety of materials and
chemistries can be employed, if their precursors can be processed into emulsion drops. Additionally,
by adding conductive polymers to the matrix, but not to the microgels, or vice-versa, hydrogels with
abrupt alterations between conductive and insulating regions can be fabricated, which will likely

advance the development of soft electronic switches or hydrogel batteries.
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