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ABSTRACT

Stretchable electronics is an emerging field responding to the demands of soft robotics and bi-
ological applications. Whereas the materials of traditional electronics are hard and rigid - like sili-
con and metals — stretchable materials are soft and compliant like rubber. Conventional stretchable
electronics integrate the hard within the soft. Hydrogel-based ionic devices represent an alternative
approach to stretchable electronics. Metallic conductors can be replaced with soft ionic conductors
that are both highly stretchable and transparent. However, these devices require the integration of
dissimilar materials, hydrophobic elastomers and hydrogels, into a single system—a process thus far
achieved primarily via the combination of several different manufacturing techniques. The concur-
rent rise of additive manufacturing presents an opportunity to develop a new fabrication platform
for hydrogel-based devices. This dissertation will delve into recent progress made in the 3D extru-
sion printing of these dissimilar soft materials for a range of engineering applications, the challenges
that one encounters, and those that remain on the horizon.

Chapter 1 reports a study of high ionic strength hydrogel materials for their unusual thermal,
mechanical, and electrical properties. Chapter 2 presents an extrusion 3D-printing platform for the
simultaneous fabrication of hydrogel and hydrophobic elastomer. Chapter 3 further characterizes
the initial platform developed in a study of the adhesion characteristics of the hydrogel-elastomer in-
terface over time. Chapter 4 adapts a new silane-based chemistry in order to fully integrate hydrogel
and elastomer for extrusion 3D-printing.
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Introduction

0.1 HYDROGELS AND JONOTRONICS

PrerRRE-GILLES DE GENNES first coined the term “soft matter” in 1991, which served to name the
fascinatingly complex materials that have only accelerated in their adoption in recent years®. Poly-

mers, both natural and synthetic, have advanced much since de Gennes’ Nobel lecture of 1991, and



it in this new context that soft materials now being considered for engineering applications pre-
viously not thought possible. Hydrogels, which are hydrophilic polymer networks swollen with
water, have unique properties imparted by their dual nature of being simultaneously solid-like and
liquid-like. The polymer network imbues hydrogels with solid-like mechanical properties, whereas
the liquid phase grants the material liquid-like transport properties. Combined with their potential
for bio-compatibility, hydrogels have seen rapid development as materials of choice for for tissue
engineering and drug delivery systems>>*.

However, recent developments have sufficiently improved the material properties of hydrogels
to enable a far wider range of applications than previously thought possible. Mechanically, recent
works have drastically increased the range of applications of hydrogels by improving their stretch-
ability and toughness to levels comparable to natural rubber®®7* and in some cases comparable to
steel?. At this point in time, a wide variety of hydrogel toughening mechanisms have been identified

10,11,

and utilized for mechanical reinforcement™™%%, which has led to the development of novel applica-

tions such as fire-resistant fabrics . In addition, studies have also developed methods for hydrogels
to engage in self-healing while maintaining high stretchability and toughness ™.

As applications have turned more towards interactions with biological systems like the human
body, this has in turn increased the demand for functional soft materials that can fulfill these needs.
A term that is often used to describe these needs is ”Stretchable Electronics”. For instance, human

16117)

wearable sensors for biomechanics studies and health monitoring 819 or feedback sensors in soft

20,21,22,23

robotics all require soft, stretchable materials capable of electrical conductivity. Although

2627 nanoribbons*, pre-

many stretchable conductors exist, including liquid metals*»*, nanowires
stretched elastomer fibers with conductive coatings*, and micro-cracked metals***, these materials
have generally been unable to achieve high levels of optical transparency while maintaining high

conductivities and stretchability; a feature that would enable their use in optogenetics® or allow

optical imaging of the underlying substrate. Conventional strategies of incorporating metallic com-



ponents with elastomers to attain stretchability also yield non-trivial failure modes such as liquid
metal leakage*® and hard-soft material interfacial failure®.

Hydrogels, with ionic conductivity and favorable mechanical properties, are a viable alternative
approach to stretchable electronics. The combination of exceptional toughness, large stretchabil-
ity, optical transparency, and high ionic conductivity has led to the development of stretchable and
transparent ionic conductors* %, stretchable electroluminescent devices**?, capacitive strain sen-
sors 33 jonic touch panels#°, soft robotic actuators#', and chemical/pH sensors**. Gel-based
ionic circuits thus represent a unique class of devices within stretchable electronics.

From within these developments has come the concept of the “ionotronic device”#*. Ionotronics
devices are formed from the combination of circuity with both types of charge carriers, electronic
and ionic. By combining the best of both worlds, one can achieve high-speed signal processes found
in the maturity of electronics with the favorable properties of ionic devices such as high stretchabil-
ity and optical transparency. However, attaining this fusion requires the use of dissimilar materials
of all sorts ranging from the hard (metals, semiconductors, ceramics) to the soft (elastomers and
gels). Conductors and insulators must both be found within the same manufacturing process. Even
for simple ionotronic devices, the bare minimum must include an ionic conductor and a dielectric.
Although this can be simply achieved in prototypes with manual assembly, this cannot be scaled
for large quantities and small dimensions. Thus, the fabrication of stretchable electronics using hy-
drogels requires integrating hydrogels with stretchable dielectrics such as dielectric elastomers. So
far, few studies have tackled this problem and thus this issue is very much in its infancy. Questions
have generally not been asked of the reliability of the materials being manufactured, particularly
the interfacial adhesion that is critical to any long-term usage planned for any device. The same is
true for composites *+*, dental material adhesives*® and in biology +7**, thus similar efforts need
to be made within hydrogel ionotronics. As devices become more sophisticated and complex, crack

driving forces may easily scale such that delamination becomes a serious problem. Neither predic-



tive capability nor process optimization is possible without quantification of adhesion. Therefore,
as manufacturing processes are adapted for soft materials, soft materials integration challenges in

multi-material printing must be addressed **.

0.2 MANUFACTURING OF SOFT MATERIALS

Although a wide variety of materials manufacturing techniques are applicable to soft materials, the
class of techniques known as three-dimensional printing (3DP or 3D-printing) has seen a rapid surge
in interest in the recent decade. Although 3DP techniques have existed since the 1970549, the cost

of a particular class of techniques known as “Fused Deposition Modeling (FDM)”, whereby a con-
tinuous filament of thermoplastic is extruded in a layer-by-layer deposition process, has dropped
dramatically due to the 2009 expiration of the Stratasys Inc. patent***. The subsequent commercial
interest in these technologies has generated public fascination with the possibilities of rapid pro-
totyping, though the adaptation of these techniques for materials other than thermoplastics has
steadily progressed since the first 3D printers. Generally these types of techniques are referred to as
material extrusion printing, or “extrusion 3D-printing”.

It is worth briefly mentioning that, although popular due to its low cost, extrusion printing is far
from the only additive manufacturing technique available. Although the range of techniques that
are compatible with soft materials is more limited, many others have been developed. For instance:
Digital projection based techniques or ”Stereolithography” (SLA)*?, two-photon polymerization®,
screen printing*#%, and inkjet* are all viable technologies for the soft materials fabrication. How-
ever, of all these techniques, material extrusion is the simplest and easiest to adapt for multi-material
printing. The remainder of this dissertation will focus on extrusion 3DP.

Research has since expanded the materials roster from thermoplastics to include metals¥7, ceram-

ics**, and soft materials such as hydrogels and elastomers’*>%-6%%_ Although studies adapting soft



materials for 3DP are numerous, few consider the fabrication of dissimilar materials within the same
procedure?®®4. Applications for those studies are generally achieved with a single type of material
being developed, thus homogeneous materials fabrication currently dominate advanced manufac-

turing studies for soft materials.

0.2.1 HYDROGEL PRINTING

Research into the materials extrusion of hydrogels has generally focused on several specific areas:
primarily their bio-compatibility, mechanical property enhancement, or functionalization. It is not
uncommon that the pursuit of one application will cover more than just one of those areas.

For instance, we may begin our considerations with bio-compatibility, as the ability to serve in
close proximity to cells or tissue is of great interest to the medical community. This can be some-

thing like a cell scaffold that cells are seeded onto in a post-processing step 5656

, OF 2 more com-
plex and delicate adaptation where cells are suspended in a fluid and printed directly into position
(typically called "bioinks”)7%%. A variety of hydrogels have already been established to be compati-
ble with the materials extrusion process % butifa specific type of matrix is required then additional
work needs to be put into this verification process. With 3D printing as a platform there is much
activity in pursuit of the development of such new biomaterials that are enabled with the spatial
precision of the materials extrusion platform7°. Even so, for any load-bearing application, it is in-
evitable that improved mechanical properties are necessary. The most typical example is that of
cartilage replacement”, which is difficult due to its outstanding fatigue resistance and load-bearing
capacity.

Thus, in addition to being able to print physiologically relevant hydrogels, we also must be able
to print tough hydrogels. As discussed earlier, there have been many strategies developed to toughen

hydrogels. However, from those strategies we must also be able to adapt them for extrusion print-

ing, as some techniques are not compatible with the materials extrusion process. For instance, in



terms of reinforcement mechanisms, using fabrics and preformed material composites makes for
difficult extrusion™?. However, others are more easily adaptable: PAAm-alginate precursors that
were toughened by salt solution soaks® can be designed for printability and triggered to UV cure the
PAAm covalent network, followed by a salt-solution soaking to ionically crosslink ®7*. Some studies
have opted to forsake the triggered curing with a sufficiently high viscosity followed by immediate
soaking”?, however, this is not a scalable process for long prints. New tougheners have also been de-
veloped, such as one group that utilized a combination of alginate and graphene oxide to produce
a 3D printable tough hydrogel”4. Fiber reinforcement has also been demonstrate to be possible if
the fibers are also capable of printability ®*. Hydrogel biomaterials have also been designed such that
multiple IPN are formed by the end of the extrusion process”’. Some groups have also begun to
pursue the printing of polyion complex hydrogels”®, which are able to gelate from a sol-gel transi-
tion from a dialysis process that occurs in water. Tougheners can also come in the form of printed
structures rather than focusing on the printed materials themselves””. Another alternative is to take
advantage of fast recovering non-covalent crosslinks within the hydrogel, effectively a supramolecu-
lar network, as a printable hydrogel material 7%79:%

Functionality encompasses the many different pursuits that add functions to hydrogels that com-

plement their biocompatibility or toughness. This may include capacity for temporal changes (or

)81,82,83, 85,80

”4D” printing 84, electrical property modification ®>*°, drug delivery®®, sensor design®’. The

capacity for gel to self-heal is also quite desirable, and is generally achieved by the introduction of

partial or complete hydrogel networks with non-covalent bonding **7%.

0.2.2 ELASTOMER PRINTING

Conventional elastomer printing studies are less extensive compared to those of hydrogel printing,
but generally follow the same trends that have been discussed already. Some of the earliest work that

utilized silicone elastomers in 3D printing was conducted in 2000*°. As familiarity with the mate-



rials system was developed °°, applications for elastomers have similarly looked at their applications
towards biological systems?>> or the monitoring of biological systems®. However, elastomer print-
ing has more focused on their potential for stretchable electronics** and robotics applications *°.
Functionalization has also been explored through printed structures that would be difficult without
3D printing®7%®. Since the availability of suitable elastomers for 3D printing is more limited com-
pared to hydrogels, other research has looked into developing new materials for the proces® or by

adapting existing materials like PDMS for the 3DP process™°.

0.2.3 HYDROGEL-ELASTOMER PRINTING

Conventional hydrogel-elastomer fabrication studies can be broadly divided into two categories
of material integration: Physical bonding and chemical bonding. Recent work has suggested that
a more detailed consideration involving adhesive topology is possible™’, however current works
have not yet developed strategies that warrant these considerations for hydrogel-elastomer material
extrusion.

64,102

Those that rely on physical bonds for adhesion, such as through hydrogen bonding or con-
tact forces from conformation'®***##' may indicate acceptable integration, but ultimately rely on
the lack of significant driving forces at the interface. Adhesive strengths have generally not been
measured for systems that have used physical bonding, but for a hydrophillic surface treatment
mediated adhesion interfacial toughnesses of up toI' = 15/m > has been observed . Strong in-
tegration, which generally is reflected by the presence cohesive failure, has yet to be demonstrated
between hydrogel and elastomer through physical bonds.

Techniques utilizing chemical bonds for their integration are predominantly based around the

104,105,106 and

UV photoinitiator benzophenone, with the majority being surface based modifications
one instance of volume modifications™’. These techniques use a compound that upon UV expo-

sure generates free-radicals capable of reacting with both hydrogel and elastomer networks in order



to form chemical crosslinks between them; this means that integration occurs simultaneously with
network formation. Another chemical bonding strategy involves silane-based chemical coupling
agents. Silane coupling agents have been successfully demonstrated to be viable for hydrogels and

elastomers %19

, where a compatible silane coupling agent is co-polymerized into the material bulk
and allowed to react independently of the polymerization reaction. However, these studies did not
tully explore their viability within the extrusion printing context as a printing-relevant rheology was
not tested in conjunction with a silane coupling agent. In addition, the charged surfactant utilized in
the hydrogel will not be compatible with the high ionic strength needed for good electrical conduc-
tivity. It was also not demonstrated that even with a charged surfactant that appreciable changes in
the wetting behaviors of the hydrogel precursor on PDMS, which will significantly affect printing

quality. Thus, further work must be completed in order to make realistic claims about the viability

of silane coupling agents for the materials extrusion printing of hydrogel and elastomer.

0.3 OUTLINE OF DISSERTATION

This dissertation aims to to develop platforms for the advanced prototyping and manufacturing of
soft ionotronic devices, particularly within the extrusion 3D printing context.

Chapter 1 introduces a study on the modification of material properties when a hydrogel is com-
bined with high concentrations of salt at below-freezing temperatures™®. With this substantial
change in mechanical and thermal properties, salt-containing hydrogels prove themselves as viable
engineering materials for a variety of applications. In Chapter 2, we further develop salt-containing
hydrogels and adapt them for extrusion printability in conjunction with a dielectric/hydrophobic
elastomer ®4. This chapter demonstrates the first steps towards the integrated manufacturing of dis-
similar materials, which is required for the advanced manufacturing of soft ionotronics. Chapter

3 conducts a detailed experimental study of the interfacial adhesion of the materials system devel-



02 Here we discover that the adhesion is stable and that the interface

oped in the previous chapter
yields unusual macroscopic behaviors. In light of the strength of the adhesion measured previously,
Chapter 4 delves into the development of a chemical bonding mechanism, specifically a silane-based
coupling agent strategy, for enhancing the adhesive strength of the hydrogel-elastomer interface

in the extrusion printing context. The last chapter then concludes with some future outlooks and

perspectives on the field.
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Tough & Salty: Tough gels below freezing

1.I INTRODUCTION

HYDROGELS are crosslinked networks of hydrophilic polymer chains dispersed in water. The poly-
mer network gives the hydrogels solid-like mechanical properties, while the aqueous phase enables

fast diffusion, endowing the hydrogels with liquid-like transport properties. Along with these at-
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tributes, many hydrogels are also biocompatible, making them traditional materials of choice for
tissue engineering and drug delivery systems>*»#. Recent works have considerably enlarged the range
of applications of hydrogels by improving their stretchability and toughness up to the level of nat-
ural rubbers®®7*. The combination of exceptional toughness, large stretchability, optical trans-
parency, and high ionic conductivity has led to the development of many new applications in the
field of hydrogels, including stretchable and transparent ionic conductors?, fire-resistant fabrics*?,
stretchable electroluminescent devices**?, ionic skin and touch panels?*+°, and soft robotic actu-
ators*'. However, in all these applications, the hydrogels lose their desirable properties once the
temperature decreases below the freezing point of water, severely limiting their use in this tempera-
ture range. Recently, organic liquids such as propylene or ethylene glycol have been used to synthe-

" There are concerns,

size hybrid organo-hydrogels with an improved working temperature range
however, about the environmental impact and health hazard as a result of the toxicity of these lig-
uids ">+ Here, we present another class of hydrogels that retain their stretchability, toughness,
and conductivity at temperatures far below 0° C". These non-freezing hydrogels rely on the colliga-
tive property of ionic compounds such as calcium chloride (C2Cl,) to depress the freezing point of

116,117,118,119,

the aqueous phase 129121 Freezing point depression is of course a well-known phenomenon

with many applications in cold environments. For example, CaCl, is widely used to prevent roads

121

from icing over™. The same phenomenon also allows a number of organisms, including many in-

sects and some wood frogs, to survive extremely cold weather conditions by preventing the forma-

tion of ice crystals in their cells>*»

14, Electrical conductivity of salt-containing polyacrylamide hy-
drogels have been measured at temperatures below 0 C, but their mechanical behavior has not been
studied™. In the present study, we synthesized a series of polyacrylamide-alginate double network
hydrogels, and soaked them in three different aqueous C2Cl solutions (see Appendix A for experi-

mental details and Figure 1.1). Depending on the concentration of the C2Cl, soaking solution, these

hydrogels froze over a range of temperatures from o° C down to approximately —s7°C. We mea-
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sured the mechanical response of these C2Cl, —containing double network hydrogels over a broad
range of temperatures, from ambient down to —70°C, and distinguished three types of behavior de-
pending on the state of the gel: (i) regular hydrogel behavior when the aqueous phase is in the liquid
state, (ii) slurry gel behavior when the aqueous phase is in a partially frozen state that consists of a
mixture of ice crystals and salt solution and (iii) frozen gel behavior when the aqueous phase is fully
frozen. We also characterized the temperature dependence of the fracture toughness of these hy-
drogels. We discovered that a high fracture toughness ( s000/m™*) can be obtained at temperatures
as low as —50° C (see Table 1.2). In particular, slurry gels were found to have the highest toughness
in subzero temperature conditions. By focusing on the gradual evolution of the fracture process in
the slurry gels, we identified crack pinning and deflection, as well as distributed initiation of micro-
damage, as additional toughening mechanisms. Finally, we confirmed that CaCl, -containing hydro-
gels retain good ionic conductivity at low temperatures, and explored potential applications of these
non-freezing hydrogels by demonstrating a simple touch sensing ionic panel that works at subzero

temperatures.

1.2 REsuULTS AND DiscussioN

Figure 1.3 illustrates the three distinct types of behavior observed for hydrogels with different CaCl,
concentrations at the same sub-zero temperature. Despite similar behavior at room temperature,

the three hydrogels behave very differently when they are cooled to —15° C'and deformed in tension
(similar observations in compression are shown in Figure 1.4 in supporting information). While the
gel soaked in 30 wt% CaCl, behaves like a regular hydrogel with good stretchability and transparency
at —15° C, gels soaked in o wt% and 10 wt% solutions behave differently. For the sake of brevity, we
will refer to these different gel compositions in the rest of this manuscript by the concentration of

their soaking solution, even if the actual ionic content in the gel may be slightly different. At —15°C,
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Figure 1.1: Schematics of the preparation and testing of the 3 different batches of gels with different ionic content:
Owt%, 10wt% and 30wt% of CzCl, respectively.
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Temperature _ 0wt% CaCl, _ 10wt% CaCl, _ 30wt% CaCl,
20°C 9420.6 J/m> 2461.8 J/m> 1748.3 J/m>
+ 2766.4 + 108.6 + 494 6
0°C 6015.1 J/m’ 2913.7 J/m’ 1835.2 J/m>
+ 7553.8 + 787.0 + 253.3
-15°C 2846.1 J/m” 3577.9 J/m* 25242 J/m*
+ 1090.6 + 455 4 + 2533
-30°C 542.1 J/m> 5127.9 J/m’ 3225.3 J/m?
+ 381.2 + 1055.0 + 9413
-50°C 540.2 J/m” 5201.4 J/m®
+ 301.5 + 5491
-70°C 58.9 J/m’
+ 2766.4

Figure 1.2: Average fracture toughness and associated standard deviation for each gel composition over all tested
temperatures. A minimum of three (and up to five) specimens of each batch were tested for each temperature.

the hydrogel with o wt% CaCl, is frozen solid, forming an opaque aggregate of ice crystals and poly-
mer chains. The frozen gel is stiff and brittle, and fractures at a relatively small strain ( 9%). At the
same temperature, the hydrogel with 10 wt% CaCl, is a slurry gel: a gel consisting of a mixture of
ice crystals and salt solution embedded in a polymer network. While the gel has lost most of its op-
tical transparency, it remains as stretchable as the 30 wt% gel. The slurry gel behavior occurs over a
wide range of temperatures. This observation is consistent with the binary phase diagram of CaCl,
and water (Figure 1.5a), and leads to the experimental phase diagram of the polyacrylamide-alginate
double network gel soaked in aqueous CaCl, solutions shown in Figure 1.sb. The slurry gel state
corresponds to the two-phase region in the C2Cl, -water phase diagram — both areas are shaded in
grey in the respective phase diagrams. As a hydrogel is progressively cooled through the two-phase
region, the increasing opacity of the gel reflects the increasing volume fraction of ice crystals.

To construct the phase diagram in Figure 1.5b, we first collected all the experimental observations
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Figure 1.3: Hydrogel behavior in subzero environment illustrated for three different C2Cl,-containing gels: a) the
initial state at room temperature, b) the undeformed and deformed state at —15° C, and c) the corresponding molec-
ular pictures. This illustrates the three physical states for a hydrogel below the freezing point of water: at —15° C, the
0 wt% CaCl, gel is in the frozen state forming an opaque aggregate of ice crystals and polymer chains, the 10 wt%
CaCl, gel is in the slurry state with a mixture of ice crystals and salt solution in a polymer network, and the 30 wt%
CaCl, is in the regular hydrogel state with an aqueous phase in the liquid state. The frozen gel and slurry gel form a
frost layer on their surfaces after cooling.
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Figure 1.4: Average fracture stretch and associated standard deviation for each gel composition over all tested tem-
peratures. A minimum of three (and up to five) specimens of each batch were tested for each temperature.
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Figure 1.5: Phase diagram and experimental DSC of the aqueous CzCl, solution and the C2Cl,-containing gel.

a) aqueous CzCl, solution case: the theoretical phase diagram (left) is compared to the experimental DSC results
(right). b) CaCl,-containing gel case: the experimentally built phase diagram (left) is compared to the experimental
DSC results for the three gel compositions (right). The small arrows highlight the correspondence between the phase
boundaries in the phase diagram and the fusion enthalpy peaks in the experimental DSC runs.
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from the mechanical testing under different temperatures performed on hydrogels soaked in owt%,
1owt% and 3owt% CaCl, solutions, and identified the state of each gel based upon its mechanical
response and optical transparency. These observations provided a discrete sampling of the phase
diagram, depicted by the symbols in Figure 2b. In a second step, we characterized each gel compo-
sition and its various components using differential scanning calorimetry (DSC) from —90°C'to
room temperature to obtain a more accurate measurement of the boundaries of the various phase
regions. We also performed DSC analyses on aqueous CzCl, solutions to identify the phase bound-
aries for the aqueous system, which were found to be consistent with the reported phase diagram™”
with only minor experimental deviations. Aqueous solutions of polyacrylamide and alginate were
independently thermally characterized (Figure 1.5a right) to assess the effect of the polymer chains
on the freezing point of the solutions. Comparison of Figures 1.sa and b demonstrates that the DSC
curve for the o wt% CaCl, gel can be regarded as the superposition of the curves for its constituents,
with a double peak, a small shoulder, and a small shift of the liquidus to lower temperature. These
peaks in the DSC curve indicate that the hydrogel behaves like a ternary system rather than a simple
binary. The calorimetry data in Figure 1.5b shows that the slurry region of the hydrogel is shifted to
significantly higher C4Cl, concentrations compared to the two-phase region of the aqueous CaCl,
solution. Indeed, it is clear from the two distinct and separate peaks of the DSC curve that the 30
wt% CaCl, gel has not yet reached the eutectic composition. We hypothesize that this shift is the re-
sult of interactions of C4Cl, with the alginate and polyacrylamide polymer chains in the gel and an
indication that the equilibrium concentration of C4Cl, inside the gel is lower than in the aqueous
solution. Indeed, by weighing the fully dried residue of the different gel compositions, we estimated
the actual concentration of CaCl, inside the 10 wt% and 30 wt% CaCl, gel batches respectively as s-7
wt% and 20-23 wt% of CaCl,.

Figures 1.6a-c show the evolution of the stress-stretch curves with decreasing temperature for

the o wt%, 10 wt% and 30 wt% CaCl, gels, respectively (for complete experimental data, see Figure
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Figure 1.6: Mechanical characterization and fracture patterns of gels with different C2Cl, content as function of
temperature. The stress-stretch curves is measured at different temperatures for the three gels: a) Owt% CaCl,,

b) 10wt% CaCl,, and c) 30wt% CaCl,. d) The evolution of crack propagation profile in different C2Cl, containing
gels as the temperature decreases, and thus as the volume fraction of ice increases. Gel type and associated testing
conditions from left to right are: (i) 30 wt% at —70°C, (i) 30 wt% at —70° C (undercooled), (iii) 10 wt% at —s0°
(undercooled), (iv) 0 wt% at 0° C, (v) 30 wt% at —30° C. e) The fracture toughness of the three gels is characterized
as a function of temperature. For each testing condition, symbols (circle, triangle and star) indicate the corresponding
physical state of the gel (hydrogel, slurry and frozen state respectively).
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Figure 1.7: The complete experimentally measured stress-stretch curves for each gel composition as a function of
temperature: (a) Owt%, (b) 10wt%, and (c) 30wt% CaCl2.

1.7). At room temperature, the o wt% CaCl, gel has the highest strength and stretchability. When
the temperature is reduced to —15° C, however, this gel becomes stiff and brittle. The 10 wt% and

30 wt% CaCl, gels, on the other hand, retain their stretchability at temperatures down to at least
—30°Cand —50°C, respectively. For all gels, both the elastic modulus and the strength gradually in-
crease as the temperature decreases. This stiffening effect can be explained by the gradual increase of
the volume fraction of ice crystals in the slurry gel (Figure 1.6d). The ice crystals stiffen the gel, while
still allowing large deformation to occur through shear yielding between them, similar to the tough-

ening of polymer nanocomposites "7

128129 Interestingly, the presence of ice crystals tends to im-
prove the stretchability before the gels become brittle (see evolution of fracture stretch in Table 1.8).
A careful inspection of post-mortem specimens showed a large number of micro-sized cavities dis-

persed throughout the specimens (Figure 1.10). These micro-cavities may nucleate due to the triaxial

state of stress that builds up around stiff ice crystals. A similar mechanism of cavitation and fracture
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has been reported in adhesively bonded elastic and viscoelastic layers ***>%2. From the study of ad-
hesively bonded materials, cavitation first appears when the hydrostatic stress is approximately ten

times larger than the shear modulus of the elastic layer

. The cavities grow and eventually coalesce,
leading to catastrophic cohesive failure of the adhesive layer*>™. Growth of these cavities provides
an additional energy dissipation mechanism that may explain the increased stretchability observed
in the slurry state. This mechanism leads to the apparent “ductile” failure mode mechanism with
macroscopic void growth and coalescence observed experimentally in specimens with large volume
fractions of ice in the slurry state (see Figure 1.6d). Further investigation showed that the nucleation
of these micro-cavities is also facilitated by the application of repeated cooling cycles to very low tem-
perature. Indeed, repeated formation of ice crystals eventually leads to a permanent weakening of
the gel network, creating local defects that facilitate the nucleation of cavities upon deformation. To
characterize the fracture toughness of the gels as a function of temperature, we measured the stress-
stretch curves of notched specimens and determined the critical stretch at which fast fracture takes
place (Table 1.8). We calculated the corresponding energy release rate by integrating the area under
the nominal stress-stretch curve of a pure shear specimen without a pre-crack (from Figure 1.6a, b
and c) up to the critical stretch of the notched specimens, following the method devised by Rivlin
and Thomas®®. The results show the temperature dependence of the fracture toughness for each
gel (Figure 1.6e and Table 1.2). As expected, the fracture toughness of the o wt% CaCl, gel reduces
dramatically as the temperature is lowered below o° C. By contrast, the fracture toughness of the

10 wt% and 30 wt% gels increases as the gels enter the slurry state. The fracture toughness of these
gels eventually drops as the gels are fully frozen. For all gels, the slurry state exhibits a relatively high
toughness, ranging from 3000 to 6ooo J/m ™ *. In practical applications, the amount of salt added to a
hydrogel can be adjusted to fulfill the requirements in terms of modulus, stretchability, and fracture
toughness depending on the targeted temperature range.

In order to better understand the toughening mechanism associated with the slurry gels, we com-
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Temperature  Owt% CaCl, 10wt% CaCl, 30wt% CaCl,
20°C 5.03 342 4.86
+0.25 +0.10 + 0.62
0°C 5.55 3.70 5.48
+= 1.79 +=0.71 + ].33
-15°C 1.08 5.88 5.03
+ 0.01 + 0.86 + 0.73
-30°C 1.07 3.39 5.93
+ 0.03 += 0.95 + 1.53
-50°C 1.16 5.75
+ 0.03 +0.59
-70°C 1.08
+=0.10

Figure 1.8: Average fracture stretch and associated standard deviation for each gel composition over all tested tem-
peratures. A minimum of three (and up to five) specimens of each batch were tested for each temperature.

pare the crack propagation and failure scenarios in the three states of the hydrogel (Figure .9). A
regular hydrogel fails through the propagation of a large blunted crack (Figure 1.9¢). Slurry gels and
frozen gels, however, exhibit significantly different failure mechanisms. In the frozen gel, a sharp
crack propagates rapidly through the specimen once it is loaded, following the straightest and weak-
est path between ice crystals, resulting in a relatively low fracture toughness (Figure 1.9a). The frac-
ture behavior of slurry gels varies depending on the amount of ice crystals in the gel, but is typically
characterized by crack pinning and deflection as the crack path encounters stiff ice crystals. Such
features, observed in all slurry gels, lead to a discontinuous crack propagation, and sometimes a less
blunted crack tip compared to the regular hydrogel state (Figure 1.9b right). The final fracture path
in a slurry gel tends to zigzag and creates rough crack surfaces. The amplitude of that zigzag and the
degree of roughness of the crack surface varies depending on the ice volume fraction (i.e. the higher

the volume fraction, the larger the zigzag). More specifically, in some slurry gels with a large volume
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Figure 1.9: Different failure scenarios and the associated fracture mechanisms in the three states of a gel. a) For a
frozen gel, brittle fracture occurs by fast propagation of a sharp crack following the straightest and weakest path be-
tween ice crystals. b) For a slurry gel, the fracture varies with the volume fraction of ice crystals, but typically shows

a stick-slip propagation following a zig-zag path. A relatively large not fully blunted crack opening is observed (the
middle and top right picture). Crack pining, crack deflection and micro-cavitation have been identified as associated
toughening mechanisms, sometimes leading to the coalescence of multiple macro-cracks in some samples (top left).
c) For a regular tough hydrogel, a large blunted crack is observed during the crack propagation. The gels shown here
to illustrate the fracture scenario of each of sub-water-freezing state of gels have been tested with the following con-
ditions, from left to right: (a) 0 wt% CaCl, at —50° C, (b-left) 30 wt% CaCl, at —70° C (undercooled), (b-right and
crack path) 10 wt% CaCl, at —30° C, and (c) 30 wt% CaCl, at —30°C.
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Specimen prior to deformation

-

Figure 1.10: lllustration of dispersed micro-damage bubbles observed ahead of the crack tip after deformation of a
owt% CaCl, gel at 0° Cin the slurry state. After deformation (and fracture) in the slurry state (see phase diagram of
Figure 2b), we observed many micro-bubbles dispersed all over the post-mortem specimen, highlighting the impor-
tant micro-cavitation occurring during deformation as a result of the triaxial state of stress between ice-crystals. We
used a confocal microscope (Leica TCS-SP5) with an Argon laser of 488nm band to capture the micro-sized cavities in
the gel after deformation.

fraction of ice, multiple macro-cracks grow upon loading, and eventually coalesce (Figure 1.9b left).
These macro-cracks are assumed to initiate at the dispersed micro-cavities observed ahead of the
crack tip (Figure 1.10) as mentioned earlier.

During the experiments, we observed significant undercooling of the slurry gels below the eutec-
tic temperature, which can have a significant impact on the stability of subzero mechanical behavior
of hydrogels. As shown in Figure r.11, a 30 wt% CaCl, gel can stay in an undercooled slurry state,

and exhibit high stretchability and fracture toughness at temperatures as low as —70° Cif it is not
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Figure 1.11: Time dependent stress-stretch curves of metastable undercooled 30wt% CaCl, gels at —70° C: (left)
two different temperature profiles for the cooling procedures of (a) equilibrated cooled gels versus (b) metastable
undercooled gels with different cooling time at —70° C before testing; (c) the corresponding stress-strain curves,
showing inconsistent and variable mechanical response for undercooled specimens. Waiting long enough at —70° C
will eventually make the gel reach the equilibrated gel response.

cooled down long enough to reach thermodynamic equilibrium. The undercooled gels are thermo-
dynamically unstable, and consequently have stress-stretch curves that vary inconsistently with the
storage time at —70°C (see Figure 1.11c). To avoid this undercooling effect, all the testing specimens
in this study were first cooled to —90° C for 45 minutes before heating them to the target testing
temperature. To conclude, the slurry state of C2Cl,-containing hydrogels at subzero temperatures
can indeed provide unforeseen mechanical property improvements, but caution must be taken to
ensure that the material is not in a thermodynamically unstable state due to a kinetic delay of the
crystallization process.

The CaCl,-containing gels maintain their ionic conductivity at temperatures well below the freez-

ing point of water (Figure 1.12a). This ability, together with their high stretchability and toughness
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Figure 1.12: Applications of the stretchable, tough and anti-freezing hydrogel at low temperature. a) The conductivity
as a function of temperature for the Owt%, 10wt% and 30wt% CaCl, gels. b) A stretchable ionic touch sensor is
fabricated by sandwiching a layer of dielectric elastomer (3M VHB) between two layers of 30wt% CaCl, gels. c) The
capacitance changes at —11° C by a finger press and release. ‘P’ denotes finger press and ‘R’ denotes release. d) and e)
demonstrate the good stretchability and strength of a 30wt% CzCl, gel in outdoor snowing conditions. The weight
used is 2.5Ibs (1.13kg).
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at low temperatures, opens up a range of applications in low-temperature environments. Here, we
demonstrated a simple ionic touch sensor that takes advantage of both attributes. The touch sensor
consists of a dielectric elastomer layer sandwiched between two hydrogel layers (Figure 1.12b). The
hydrogel layers consist of 30 wt% CaCl, hydrogels, while the elastomer is VHB 4905 (3M, Maple-
wood MN). The architecture of the touch sensor is based on a sensor described previously by Sun et
al.® Figure r.12c illustrates the response of the sensor when operated at a temperature of —11°C. The
capacitance of the sensor changes reversibly by approximately 0% upon touching, which is readily
measured using a capacitance meter. The response of the sensor does not degrade when cycled re-
peatedly at subzero temperatures. One can readily envision use of this sensor in applications under
a broad range of environmental conditions, including stretchable and rollable keypads and pressure

sensors for soft robotics.

1.3 CONCLUSION

In summary, we have developed a class of hydrogels that retain high stretchability, high fracture
toughness and good conductivity at temperatures far below the freezing point of water. We adopted
a well-known strategy for depressing the freezing point of water and applied it to a tough hydro-

gel by soaking the gel in various aqueous solutions of C4Cl,. The experimental phase diagram of
the CaCl,-containing hydrogel differs slightly from that of the aqueous CaCl solution due to the
presence of the polymer network. Depending on the temperature and the C2Cl, content, the gels
can be classified into three types: regular hydrogel, slurry gel, and fully frozen gel. We measured

the stress-stretch curves and fracture toughness of the hydrogel as a function of temperature and
CaCl, content. Slurry gels exhibit the highest toughness at a given temperature. We attributed this
observation to the introduction of additional toughening mechanisms in the slurry gels, which in-

clude crack pinning, crack deflection, and energy dissipation through micro-cavitation. Finally, we
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demonstrated a stretchable ionic touch sensor that functions at temperatures well below the freezing
point of water. We anticipate that this class of hydrogels will enable a broad range of applications

under low-temperature conditions.
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Figure 1.13: The progressive crack propagation in the 3 different states of gels below water-freezing temperature: (a)
Hydrogel (10wt% CaCl, gel at 0° C); (b) Slurry gel (30wt% CaCl, gel at —s0° C); (c) Frozen gel (Owt% CaCl, gel at

o
—30°Q).
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A journey of a thousand miles begins with a single step.

Laozi

Adapting Salt-hydrogels for 3D Printing

2.1 INTRODUCTION

Interest in stretchable electronics has grown significantly in recent years, driving a need for soft and
stretchable materials that can sustain high strains and still fulfill their function in applications such
as human wearable sensors for biomechanics studies and health monitoringm’”’ls’m, or feedback

sensors in soft robotics *>***»*. Although many stretchable conductors exist, including liquid met-
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2927 nanoribbons®, pre-stretched elastomer fibers with conductive coatings*?,

als?*»*_ nanowires
and micro-cracked metals>>¥, these materials have generally been unable to achieve high levels of
optical transparency while maintaining high conductivities and stretchability; a feature that would
enable their use in optogenetics® or allow optical imaging of the underlying substrate. Conven-
tional strategies of incorporating metallic components with elastomers to attain stretchability also
yield non-trivial failure modes such as liquid metal leakage* and hard-soft material interfacial fail-
ure®. The use of gels as conductors, where ions are the charge carriers instead of electrons, repre-
sents an entirely different approach that has gained popularity recently. Their high stretchability
and transparency, when combined with recent improvements in toughness and stiffness®7, have
already enabled their use as stretchable electrical conductors, 3% capacitive strain sensors 38,39,36

and chemical/pH sensors**. Gel-based ionic circuits thus represent a unique class of devices within
stretchable electronics. Conductive gels can be generally divided into those where the ions are pro-
vided by solvated salts*** (hydrogels) or by ionic liquids****" (ionogels). Although immune to
dehydration, ionogels have comparatively lower conductivities than hydrogels. Ionic liquids also
interfere with some gel polymerization reactions, limiting the range of polymers that can be used to

synthesize ionogels.

By contrast, hydrogels are generally easier to synthesize, but they are suscep-
tible to dehydration. Solvated hygroscopic salts may serve the dual purpose of increasing both their
ionic conductivity and water-retention properties,” though a balance must be struck between max-
imizing water-retention and ionic conductivity due to non-idealities of the electrolyte solution that
reduce molar conductivity at high salt concentrations.”

Fabrication of stretchable electronics using hydrogels requires integrating hydrogels with stretch-
able dielectrics such as dielectric elastomers; a process thus far primarily achieved via manual assem-
bly of cast segments. If the field is to progress, advanced manufacturing techniques that integrate
dielectric elastomers and hydrogels need to be developed. ** Fabrication techniques specific to hydro-

gels have already been developed, including extrusion three-dimensional (3D) printing, :0%:6%656°
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digital projection based techniques,’* and screen printing*%. Extrusion printing techniques in par-
ticular are most easily capable of multi-material printing at high resolution and low costs. ®»% Re-
cently, Robinson et al. fabricated a soft sensor with an ionic-liquid based gel and a silicone elastomer
by combining soft lithography with extrusion printing.?* Although recent studies have successfully
fabricated stretchable electronics consisting entirely of soft materials, conductive hydrogels and di-
electric elastomers, thus far these fabrication techniques have relied on casting or a combination of
extrusion printing with other methods. 3433393

Here, we describe a simple approach to 3D extrusion printing of soft, stretchable electrical de-
vices integrating a conductive hydrogel and a dielectric elastomer with sub-millimeter resolution.
We show that both types of materials can be integrated into a single device using a single fabrica-
tion process. We characterize the mechanical and electrical performance of the printed hydrogel
and demonstrate the technique by printing a soft strain sensor. The device was fabricated using
poly(acrylamide) (PAAm) hydrogel and poly(dimethylsiloxane) (PDMS) because of their widespread
use, as well as their favorable electrical and optical properties. The hydrogel precursor consisted of
a concentrated aqueous solution of a hygroscopic salt, a compatible rheological modifier, and UV-
initiated polymerization/cross-linking compounds. Lithium chloride (LiCl) was selected as the hy-
groscopic salt in a compromise between vapor pressure and ionic conductivity, and its concentration
(7 mol L-1) was set above peak conductivity, but below saturation in an aqueous solution.™ The
PDMS was a UV curing formulation to allow for rapid setting during the printing process (KER-

4690, courtesy of Shin-Etsu Silicones).

2.2 METHODS

Printing was performed using an extrusion 3D printer comprised of a precision positioning system,

an ink extrusion system, and a hardware/software interface to control location and rate of material
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Figure 2.1: a) Overall schematic of the 3D printing extrusion system used in this study. b) A side-by-side comparison
of a patterned design and the final printed hydrogel-on-PDMS sample. c) The same printed sample placed over an
image to demonstrate its complete optical transparency.

extrusion relative to the sample stage (Figure 2.1).®* The entire system was housed inside a nitrogen
environment. The relative humidity (RH) of the environment was fixed at 43% by bubbling nitro-
gen through a saturated solution of potassium carbonate. Significant variations in RH during
the fabrication process can lead to elastic instabilities in the hydrogel surface as a result of hydro-
gel swelling, " which can happen very quickly because of the high surface area to volume ratio of
sub-millimeter features. Oxygen displacement was needed to prevent inhibition of the free-radical
polymerization in the hydrogel precursor. In situ UV curing was used to partially set the extruded
ink and prevent extensive spreading. This process is further elaborated during the discussion of rhe-
ological characteristics of the hydrogel precursor. Figure 2.1b demonstrates our printing capabilities
of complex hydrogel-elastomer designs by comparing the final printing shape to its printing trace
and Figure 2.1c highlights the optical transparency of the printed devices.

Selecting materials for extrusion printing requires the consideration of their rheological proper-

ties, since these properties dictate extrusion pressure, post-extrusion shape retention, and printing
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resolution. A shear-thinning characteristic is particularly desirable for extrusion, allowing for low-
ered viscosity under the high shear rates involved in extrusion and a higher viscosity post-extrusion
for shape retention. Shear thinning is usually achieved through the addition of a rheological mod-
ifier, of which many are commercially available.™*" For this particular application, where the elas-
tomer serves as a bulk dielectric as opposed to finer features, the resolution requirements for the ex-
trusion printing of the PDMS are not as stringent as for the hydrogel. Consequently, the UV-curing
PDMS formulation could be used without modification, despite its almost Newtonian behavior

1

with viscosities of 4.8 Pz sat10™" s~ " and 4.5Pa s at10” s~ '. For applications where a higher resolu-

tion is required, many techniques and products are available to adjust the rheological behavior of the
PDMS precursor, 2394214314 4,145,146

The development of the hydrogel precursor for our extrusion printing was more demanding
and required a balance between conductivity, stability, and rheological characteristics. A significant

proportion of rheological modifiers used in extrusion printing are sensitive to the ionic strength of

62,63,147,61 150

the precursor, and may lead to precipitation#*%° or flocculation™" of the rheological
modifiers at the high salt concentrations necessary for good electrical conductivity and water reten-
tion. This requirement excludes many of the modifiers that are routinely used for hydrogel printing.
High-molecular weight polymers, however, are insensitive to the ionic strength of the precursor and
have been used successfully in hydrogel extrusion printing.*»®° In this study, we use high-molecular

weight PAAm as a rheological modifier, because of its transparency and compatibility with the pre-

cursor formulation.

2.3 REsSULTS AND DiscussioN

The rheology of the PAAm / LiCl solution used to modify the flow characteristics of the precursor

was characterized by measuring its viscosity (), yield stress (), and viscoelastic moduli (G, G). The
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Figure 2.2: Rheological analyses of the rheological modifier for the hydrogel precursor. a) Typical oscillatory rheology
results showing shear storage (G') and shear loss (G”") moduli evolution of inks used over increasing shear stress. b)
Typical viscometry results showing stress and viscosity against shear rate. Tests were begun at low shear rates and
swept up, then back down to demonstrate a mild thixotropic effect.

precursor rheology is dominated by the PAAm; all other components in solution do not affect the
viscosity significantly at their respective concentrations. We performed both viscometry and oscilla-
tory rheology (Figure 2.2) at 25 C. The storage modulus (G) plateaus at a modulus of 558.5 &= 4.6 Pa
and exceeds the loss modulus (G) at shear stresses below 570 Pz, indicating solid-like behavior up to
this stress level (Figure 2.2a); at stresses greater than s70Pa, G exceeds G and the precursor behaves
more like a viscous liquid. Thus, the precursor has an apparent oscillatory yield stress of 570 Pa.
Figure 2.2b depicts the stress and viscosity as a function of shear rate obtained from viscometry mea-
surements. The viscosity shows clear shear-thinning behavior with » ~ 15000 Pa s at low shear rates
(o — 257 ") and  ~ sPasathigh shear rate (10> s~"). Extrapolating the linear portion of the stress-
shear rate curve back to zero shear rates provides a Bingham yield stress of 458 Pa, which agrees well
with the cross-over between G and G.

We estimate the shear-rate during extrusion using the generalized form of the Rabinowitsch-
Mooney equation (Equation 2.1) for a power-law fluid flowing through a cylindrical tube of radius

7, 152

_3nt1 4Q
~an (mr)

(2.1)

35



where Q is the volumetric flow rate and n is the exponent of the power-law describing the shear
stress as a function of shear-rate, 7 = K", where K'is the consistency index. By performing a
power-law fit of the data in Figure 2.2b, we obtain a value of 0.148 for the shear-thinning expo-
nent 7 in the high-strain rate region () > 157"). For a volumetric extrusion rate of 1 mm?s~" and
a 0.337 mm syringe tip diameter, the shear rate  ‘of the hydrogel precursor is ~ 8157, with a cor-
responding viscosity of ~ 7 Pas. Immediately after extrusion, the viscosity increases to approx-
imately 13004 5, assuming a shear rate of 0.15~". Other studies have achieved extrusion printing

with viscosities of 10 Pz s at 10* s~ " and 10?103 Pa s at 0.15~ ' strain rates 3926961,

Typical values for
oscillatory rheological parameters in hydrogel extrusion printed inks place G ~ 3503000 Pz and
gy ~ 500 — 3000 Pa.?>% Our precursor hydrogel compares favorably with these other systems

in terms of rheological performance. However, the precursor viscosity/G’ values are insufficient to
ensure printed shape retention over long periods of time. Since the hydrogel is UV curable, the sim-
plest solution is to implement in situ UV curing during the extrusion printing process to partially
cure the inks as they are extruded from the syringe tip (Figure 2.1). Various hydrogel line geome-
tries were generated by printing line stacks in both the lateral and vertical directions (Figure 2.4a),
specified as the x and z-directions respectively, at constant extrusion rate, stage velocity, and lat-

U8y = o3mmand S, = o.15mm

eral/vertical center-to-center spacing (6.0 mm?s™", 7.5 mms~
respectively). To precisely design 3D structures of hydrogel printed directly on PDMS, we character-
ized the geometry of the printed hydrogel structures in terms of the number of lines (N, and Ny)

in the x and z-directions, respectively (Figure 2.4b-c). We note that the degree of spreading in the
x-direction increases with Nz, but that the spreading saturates once three layers have been printed,
indicating that building up stable 3D structures is possible. The spreading of the hydrogel precur-
sor post-extrusion is governed by a balance between capillary, viscous, and inertial forces acting on

the extruded geometries. We may determine the dominant force using the Ohnesorge number,

Ob = y/\/eyL, where, y is the surface energy, ¢ is the mass density, and L the characteristic length
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scale. Using conservative values, » ~ 10® Pas,y ~ oaJm *,¢ ~ 10* kgm>,and L ~ 1073 m,
we observe that Ob ~ 10? >> 1, indicating dominance of the viscous forces, as expected by the
rheological design of the hydrogel precursor. The minimum level of lateral spreading was 0.8 mm,
which can be observed by extrapolating Figure 2.4c¢ to the y-intercept. This value can be decreased
further by tuning the precursor rheology, increasing the in situ UV curing intensity, lowering the
extrusion rates (Figure 2.3), increasing the stage speed, or by utilizing a smaller size of syringe tip.
Optical micrographs of multi-layer gel patterns showed smoothly merged surfaces (Figure 2.4d-f)
and the formation of what are believed to be residual wetting layers on the hydrogel edges. Optical
profilometry was used to obtain cross-sectional profiles of the printed hydrogel lines (Figure 2.4g-h),
which demonstrate that these profiles are nearly identical, indicating the reproducibility necessary
for us to design and build 3D hydrogel structures.

Electrical testing of bulk cast hydrogel samples was conducted using a four-point probe config-
uration to establish the baseline electrical conductivity of the hydrogel. As shown in Figure 2.5a,
we observed Ohmic conduction with a conductivity of 10.39 £ 0.31.8 m ™", which is comparable

to the conductivity of the corresponding aqueous salt solution. 138

By contrast, the conductivity of
the printed lines, measured under conditions of controlled humidity at RH 43%, was found to be
2.90 £ 0.40 S m™". This value is markedly lower than the bulk conductivity, but is most likely due
to water loss post-extrusion. Although hydrogel water loss in open air will not be entirely avoided
without the use of a sealant, such as by coating the hydrogel in an elastomer, the LiCl will allow the
hydrogel to remain stable at a RH determined by the salt species and concentration. An aqueous
LiCl solution increasing in mass percentage from 20% to 30% suffers a conductivity loss of 14%"*
and the volumetric change from water loss alone would cause a 62% decrease in cross-sectional area,
which together approximates conductivity loss to be at least 48%. We characterized the resistance

change of printed hydrogel lines printed on PDMS upon application of uniaxial tensile strain. The

ideal case can be reasoned as follows: we let R and L, respectively be the resistance and length of
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Figure 2.3: Variations in hydrogel geometry by only nominal extrusion rate variation, keeping stage velocity (450
mm/min), extrusion height (300 m) and extrusion tip diameter (337 um) constant. We illustrate gel geometry with
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correlation. (e) A similar plot for final gel height versus extrusion rate.
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Figure 2.4: a) Schematic illustration of the extrusion trace and the resulting geometry of multiple lines separated
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micrographs of stacked layers of gel lines with. d) (Nx7 Nz) =(1, 1), e) (3, 1) and f) (3,3). Optical profilometry images
and the cross-sectional profiles of gel lines with multiple hydrogel layers of g) (1, 1) and h) (3,1).
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a hydrogel line, and indicate their initial values with a subscript zero. We assume that the hydro-

gel is incompressible and the resistivity is independent of stretch. These assumptions predict that
the ratio of resistance of the stretched hydrogel over the initial, unstretched resistance is given by
R/Ro = (L/Lo)*. When the printed hydrogel lines are stretched by mechanically loading the
PDMS, their resistance values obey this relationship up to rupture of the samples at 50% strain (Fig-
ure 2.5b). This result suggests that the hydrogel lines are intact up to this strain, since damage in

the hydrogel would cause a deviation from this expression. Tensile tests on freestanding hydrogel
samples show that the printed gel is capable of stretching up to 150% strain before rupture, further
supporting the notion that the PDMS is the mechanically limiting component in this case. One
could feasibly substitute PDMS with an alternative commercially available silicone elastomer for
greater stretchability; silicone elastomers are generally compatible with the surface and rheological
modification techniques used in this study. We also performed a fatigue test on a PDMS-hydrogel
sample over the strain range from 0% to 20% for one thousand cycles, and measured the resistance of
the hydrogel at logarithmic time intervals. Remarkably, there were no observable changes to the re-
sistance of the device, nor were there visible signs of delamination (Figure 2.5¢c). We believe that the
adhesion is primarily physical in nature; no chemical bonding between the two networks is possible
given the lack of active sites. While PDMS surface oxidation treatments are known to degrade over
time, this hydrophobic recovery is significantly inhibited by contact with water.”*"%° Given the
high water content of hydrogels, their direct contact with PDMS should impart a similar protection
of the surface treatment.

To demonstrate transmission of AC electrical signals, we fabricated a simple analog to the ionic
cable:* two parallel ionically conductive hydrogel wires were extruded onto a printed PDMS sub-
strate, with the two terminals at either end serving as either an electrical input or output. The trans-
fer function of the device was measured and fitted to a simple RC circuit model. Yang et al. demon-

strated that the transmission of signals through an ionic conductor can be described using a special
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Figure 2.5: Electrical characterizations of the hydrogel in bulk and printed state. a) /—} curves obtained from 4-point
probe measurements performed on bulk hydrogel samples. Sample dimensions were on average 30 ¢m long, 4.2 mm
wide, and 3.5 7m in height, with an average measured resistance of 67.3 &= 2.4); this corresponds to a conductivity
of 10.39 & 0.31 S m ™. b) The normalized resistance of printed hydrogels on a PDMS substrate is measured as a
function of stretch, plotted against the ideal geometric behavior. Photos illustrate the sample in the initial (strain

= 0%) state and the fully stretched (strain = 50%) state with the mechanical load applied only to the PDMS. c) The
normalized resistance of printed hydrogels on a PDMS substrate as a function of fatigue cycle number. Uniaxial
tensile strain cycles of 20% strain were performed for up to 1000 cycles. No significant change to the resistance vs.
strain behavior was observed during our tests. Comparing images both before and after fatigue tests illustrate the
lack of visible damage or delamination d) The transfer function of an ionic cable design is plotted against frequency.
We perform a theoretical fitting of our results using a simple RC circuit model for the ionic cable and can observe a
reasonable level of agreement between experimental results and theory.
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Figure 2.6: An example of a printed hydrogel-elastomeric type device, where fairly arbitrary shapes and designs can
be easily integrated into the system by virtue of the printing process. In this case a) a simple resistance-based strain
gauge is replicated using the hydrogel as the conductor and PDMS as the encapsulating substrate. b) By attaching the
sensor to a flexible glove and flexing the digit we are able to observe a change in resistance up to 30% of its initial
value at maximum finger bending and c) illustrate this process for a variety of hand gestures for each digit’s strain
sensor resistance change over time.

case of a transmission line model.* According to the theory of ionic cables, the condition for negligi-

ble decay of the signal is
2wouel

(bd)

<1, (2.2)

where w is the signal frequency, /is the cable length, b and « are the thickness and resistivity of the
ionic conductor, and d and ¢ are the thickness and permittivity of the dielectric, respectively. Using
representative values, ¢ = 2 X 10" " Fim™ ', 0 = 10" * Qm,l = 10 mm, b = soum,d = soum
andletw = 10° 57" & 15 kHz, we evaluate the expression to be 0.08, indicating negligible signal
decay. Using a printed ionic cable with similar dimensions, we have successfully demonstrated signal

transmission of AC signals up to 15 kHz in frequency (Figure 2.5d).
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Figure 2.7: Resistance change of a stretched strain gauge sample, demonstrating a linearity of the resistance change
response for this design up to 40% strain.

To demonstrate the capabilities of the printing process, we have extrusion printed a single-loop
resistive strain gauge of hydrogel embedded within PDMS (Figure 2.6). The sensor has a gauge fac-
tor of 0.84, and remains linear up to 40% strain (Figure 2.7). The strain sensor was attached to the
index finger of a nitrile glove using a thin layer of VHB adhesive tape (3M) and connected to a multi-
meter to measure the resistance of the sensor as it underwent varying degrees of strain as a result
of the bending/flexing of the digits of the glove (Figure 2.8). This sensing capability was extended
to all five digits of a human hand (Figure 2.6). It can be observed that the strain gauge is sensitive
enough to detect inadvertent finger motions of the ring finger in position two (Figure 2.6¢), as well
as intermediate positions between being fully bent and fully straightened (Figure 2.8b). We observed
changes up to 30% in the strain gauge resistance at maximum finger bending, corresponding to an
average strain of 36%. No delamination or fracture was observed during the experiment, verifying

our previous results on the durability and stretchability of the printed laminates.
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Figure 2.8: A single strain gauge is mounted onto the index finger and held in various positions while the resistance
is recorded. (a) lllustrates the mounting of the strain gauge using VHB tape and leads connecting the gauge. (b) lllus-
trates the various positions alongside the time-trace of the gauge’s resistance. The mildly bent position (green dia-
mond) is gradually straightened to the default position, whereas others were more rapidly transitioned from straight
to bent positions.

2.4 CONCLUSIONS

In conclusion, we have described a method for the 3D extrusion printing of an ionically conductive
PAAm hydrogel and a PDMS dielectric elastomer to fabricate soft ionic devices. By tuning the rhe-
ological behavior of the hydrogel precursor and performing oxygen plasma treatments of PDMS
surfaces, it is possible to print and integrate hydrogels directly with PDMS at sub-millimeter reso-
lution. This capability was demonstrated by the fabrication and functional verification of an ionic
cable and resistance-based strain sensor. More complex geometries are readily designed and printed.
The flexibility of the process allows one to replicate the design in an array or to print stacked devices
for multi-axial strains. The strategies employed here to obtain the desirable printing resolution can
be used for any hydrogel-PDMS material system. The PDMS may also be substituted with other
commercially available silicone elastomers, since silicone elastomers are compatible with both the
surface treatment and the rheological modification strategy used in this work. This study provides a

simple pathway to the fabrication of hydrogels and dielectric elastomers in an integrated fashion for

44



stretchable electrical devices and soft robotics applications.
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Luck is the residue of design.

John Milton
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Adhesion between Hydrophobic Elastomer

and Hydrogel

3.1 INTRODUCTION

SOFT MATERIALS have recently risen in popularity for a wide variety of engineering applications,

158104 and biological research 20,5960

particularly in the areas of soft-robotics™7>*?, stretchable electronics
Most designs require the integration of dissimilar soft materials into a single device. For instance,
ionic devices have seen several suites of functionalities developed from combinations of hydrogels
and elastomers*%7:%3443_These devices illustrate materials dissimilarity as a functional necessity:

a hydrogel serves as an electrical conductor and a hydrophobic elastomer serves as a dielectric. As
these devices become more sophisticated, more care must be given to their manufacture. Although
great progress has been made in the extrusion-based fabrication of stretchable electronic’***+ and
ionic393%%4 devices, less attention has been devoted to a more subtle but equally important problem:
how reliable are these manufacturing techniques for dissimilar materials? In this context, the inter-
facial adhesion is critical to the reliability of a broad range of materials, including composites *++,
dental adhesives *®, and biological organisms*7#%. Recent forays into soft-materials extrusion print-
ing have acknowledged adhesion as important, but have rarely quantified the adhesion between

dissimilar materials within printed systems 39,64 As devices become more sophisticated and com-

plex, crack driving forces may easily scale such that delamination becomes a serious problem. Nei-
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ther predictive capability nor process optimization is possible without quantification of adhesion.
Therefore, as manufacturing processes are adapted for soft materials, studies that quantify the ad-
hesion between dissimilar materials must be conducted. One area of manufacturing that has seen
particularly rapid development is 3D extrusion printing, as research has expanded the materials ros-
ter from thermoplastics to include metals?, ceramics 58 and soft materials such as hydrogels and
elastomers*°®39:64:66%% In our previous work, we identified hygroscopic-salt-containing poly-
acrylamide (PAAm) hydrogel and polydimethylsiloxane (PDMS) as suitable materials that can be
integrated in an extrusion printing process for ionic devices ®*. The hygroscopic salt served to main-
tain water content while enhancing electrical conductivity'. The fabrication process developed
utilized rheological tuning combined with surface energy matching of PDMS via plasma oxidation
to allow for consistent submillimeter extrusion printing of a hydrogel precursor onto PDMS. Con-
trolling the rheological behavior of the precursor is essential to achieving 3D extrusion printable
hydrogels®’; an established method for this is by adding a rheological modifier to the hydrogel pre-
cursor such as uncrosslinked PAAm >4, alginate ®*, or synthetic-clay . As part of the fabrication
procedure, the PAAm hydrogel precursor contained a PAAm-based rheological modifier to tune its
extrusion behavior. Incidentally, the use of uncrosslinked PAAm chains as a rheological modifier
enables the printed hydrogels to be optically transparent, which is significant to some devices****.
To ensure good wetting of the PDMS by the hydrogel precursor, the PDMS surface was treated
with oxygen plasma. However, since PDMS plasma-based surface treatments are known to be tran-
sient 5900161162163 the Jong-term stability of the adhesion between a hydrogel and PDMS remains in
question. As these materials are common within stretchable electronics/ionics, the adhesive interac-
tions at the interface of hydrogel and hydrophobic elastomer are of broad interest.

The general strategy of plasma oxidation treatments for improving adhesion and wetting is well

164 104 165

established for a wide variety of materials, including polycarbonate™#, oxides , and sili-

, glass

166

con wafers™®. When PDMS is exposed to an oxygen plasma, surface methyl groups are converted
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into silanol groups™*'% (Figure 3.1A). The silanol groups are capable of hydrogen bonding with wa-
ter, and thus render the surface of the plasma-oxidized PDMS hydrophilic. However, PDMS also
exhibits a hydrophobic recovery of its surface chemistry that is almost always dominated by the mi-
gration of residual siloxane oligomers towards the surface’®'®>1¢%17:1681%9 If exposed to the atmo-
sphere, plasma-oxidized PDMS reverts back to a hydrophobic state in a matter of hours 160,167,170,171
(Figure 3.1B). A similar instability of plasma-based surface treatments is observed in other materials,

164,172

although the timescale of recovery is extremely material dependent Even though methods ex-

163 and chemical

ist for mitigating hydrophobic recovery, such as thermal aging’*°, solvent extraction
grafting ™, these processes are generally incompatible with 3D extrusion. This would suggest that,
within the context of extrusion printing, the interfacial adhesion between hydrogel and plasma-
treated polymer may degrade due to hydrophobic recovery.

On the other hand, the absence of delamination in fatigue tests in our previous work suggests
that the PDMS/hydrogel interface may be stable ®*. Since suppression of hydrophobic recovery has
been observed with PDMS in contact with an aqueous medium *>73(Figure 3.1C), we hypothesize
that the water in the hydrogel suppresses hydrophobic recovery through formation of hydrogen
bonds with the silanol groups in the PDMS surface (Figure 3.1D). A hydrophilic surface, by def-
inition, physically binds with water in an energetically favorable manner and thus must contain
polar functional groups with which water may interact. It is therefore reasonable that such a sur-
face would also bind with other polar groups and improve the adhesion with another material. For
instance, silanol groups on a plasma-treated PDMS surface could form hydrogen bonds with po-
lar groups in a hydrogel network enhancing the adhesion between both materials. The presence of
water molecules and polar groups at the interface would also reduce the driving force for the diffu-
sion of hydrophobic species in the PDMS to the interface and impede hydrophobic recovery. We
therefore posit that the hydrogen bonding interaction includes polar species such as water, as well

as the acryloyl and amide functional groups present in both the hydrogel network and the rheolog-
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Figure 3.1: A) lllustration of the change in surface chemistry of a PDMS sample upon exposure to an oxidizing surface

treatment. B)-D) lllustration of the possible fates for a surface oxidized PDMS sample, where the surface silanol
groups are either B) dominated by hydrophobic recovery while exposed to atmosphere or C) hydrogen bonded with
a polar solvent and suppresses hydrophobic recovery. D) This work proposes an alternative method of preserving
the hydrophilic surface of PDMS through direct contact with a hydrogel, which also enables the preservation of the

interfacial adhesion between hydrogel and PDMS.
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ical modifier. This mechanism establishes the possibility that hydrogels are capable of stabilizing
the adhesion with plasma treated PDMS, with possible extensions to other polymers or elastomers.
Therefore, the aim of this paper is to quantify the adhesion between plasma-treated PDMS and
hydrogel over an extended period of time.

Interfacial adhesion has been characterized by a wide variety of methods'7#, including angled
peeling™”, lap shear'7°, scratch™77, and flexure'7*7? testing. The applicability of these methods to
very soft materials capable of large deformations is, however, not well established. For instance, peel-
ing tests have problems with hysteresis due to bending induced plasticity in the samples, while most
other tests are either invalid beyond small-strain assumptions or are ill-suited for soft materials'7®.
Even so, there exist several techniques that are suitable for evaluating the adhesion of hydogels, in-

89 and 90°-peeling tests ">+, We selected the 9o°-peeling test (Fig-

cluding bilayer shear-based tests
ure 3.4A,B) because it is both compatible with the samples of interest and because it is a simple and
standardized method for which adhesion energies are readily compared.

This study reports on the stability of the interfacial adhesion in materials systems that consist
of printable hydrogels and PDMS. During this investigation, we were able to verify the long-term
reliability of the adhesion, but also observed segregation of a viscous phase to the interface, which
had a significant impact on the adhesive behavior. We demonstrate that this segregation is directly
related to the surface treatment of the PDMS and the presence of the rheological modifier in the
hydrogel precursor. This finding suggests that long-chain polymer additives, which were originally

added to tailor the viscosity of the hydrogel precursor, also aid in the long-term reliability of the

PDMS/hydrogel interface, and possibly of other materials systems.
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3.2 METHODS

3.2.1 SAMPLE PREPARATION AND PROCESSING

The hydrogel precursor formulation as described by Tian et al.°* contains lithium chloride (LiCl)
salt and uncrosslinked PAAm. The materials used in this study were chemically identical to those
used by Tian et al.®, but the samples were cast instead of printed. To facilitate the casting pro-
cess, the viscosity of the hydrogel precursor was decreased by reducing the amount of rheological
modifier to 36.7% of the network polymer (see Appendix A for exact weight percentages). This
amount of modifier still yields a rheology that is suitable for extrusion printing (3.3), although with
reduced resolution. The modification in the hydrogel formulation was driven by the need to fabri-
cate macroscopic samples in a reasonable amount of time so that a statistically significant number of
samples could be tested with peeling forces that were large enough to be measured accurately with
available load cells. The interfacial adhesion of the cast samples and the underlying mechanisms are
not expected to differ significantly from samples that were printed beyond potential effects of shear
deformation during extrusion. This shear could cause some degree of polymer alignment, which, if
we use the rubbing shear-alignment of polystyrene (PS) as a proxy, may slightly reduce adhesion™".
This alignment may also result in some anisotropy in the interfacial toughness, which is not consid-
ered in this study.

However, such history dependency of the polymer can be partly observed through crystallinity of
the sample. Measurements were made of the hydrogel in order to determine if this was the case (Fig-
ure 3.2). As can be observed, there are no thermal peaks associated with the presence of crystalline
regions in the sample. There is only one broad endothermic peak centered around 100° C, which we
may attribute to the evaporation of water. The absence of crystalline regions is in agreement with
the literature on solid polyacrylamide. Polyacrylamide is generally understood to be an amorphous

182,183,184

polymer for free-radical based polymerization methods , although crystalline forms of the

52



0
3
E-15 -
2
o
L
§ 3¢
@
I
-4.5 1 1 I 1 1 1 I 1 I 1 1 I I I 1

60 80 100 120
Temperature (°C)

N
[=)
Y
o

Figure 3.2: Differential Scanning Calorimetry (DSC) measurement of a bulk hydrogel containing rheological modifier,
with endothermic being negative on this scale. Measurements made on a DSC Q200 (TA Instruments). A heating
sweep from 25° Cror10° Cis made and we notice only a broad peak centered around 100° C. Samples were contained
in a Tzero Low Mass Aluminum pan. The DSC was operated under a 40.L min' nitrogen flow rate, §° C'/mz'n temper-
ature ramp and data captured at a rate of 1Hz.

polymer are possible with different polymerization mechanisms'. Studies that have used commer-
cial or free-radical synthesized PAAm appear to find nothing remarkable in DSC measurements of
the material 56

Samples were fabricated using a split mold that allowed removal of the samples from the mold
without applying any forces perpendicular to the bilayer interface (Figure 3.4C,D). This procedure
was used for all samples, even though it was strictly only necessary for samples with very weak ad-
hesion. Once the hydrogel precursor and PDMS were cured in contact, samples were aged in a con-
trolled environment with 42% relative humidity between 18 and 408 hours. The environmental
control during aging was necessary to ensure that the swelling ratio of hydrogel would not change
during aging. A 90°-peel test setup was then used to quantify the adhesive energy of the hydrogel-
PDMS bilayers, whereby the PDMS was peeled off from the hydrogel layer affixed to a glass sub-

strate (Figure 3.4A). Data from the 9o°-peel tests consisted of peeling force against peeling exten-

sion. All tests were initiated by making a pre-crack of less than s#m and were performed at a con-
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Figure 3.3: Viscometry data on various weight-percentage solutions of the rheological modifier polyacrylamide. A
previous study utilized a 7.4wt% PAAm solution, whereas this study used an equivalent 5.6wt% PAAm solution. Our
internal tests suggest that extrusion printing with solutions as low as 2.8 wt% are possible.

stant peeling rate of somm/min for a length of at least 10omm. After the crack began to propagate
through the bilayer, the peeling force eventually settled into a steady-state regime. The expression
for the strain energy release rate during peeling™, is G = £(1 — c0s%) for peel angle 9, peel force
F, and sample width 4. For 90° peeling, this expression simplifies to G = F/b. Under steady-state
crack propagation, the interfacial fracture energy I'is equal to G, so that I is given by the plateau

peeling force divided by the width of the specimen.
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Figure 3.4: A) lllustration and B) Photograph of the experimental setup for adhesion measurement using a 90° peel-
ing setup. C) A schematic overview of the segmented mold developed to preserve sample interface integrity. D) The
sequence of sample fabrication, assuming a fully assembled mold stack.
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3.3 RESULTS AND DiscussioN

3.3.1 HYDROPHOBIC RECOVERY AND INTERFACIAL ADHESION

The contact angles of water on various PDMS surfaces are shown in Figure 3.5A as a function of ag-
ing time. The contact angle on untreated PDMS was initially measured to be = 109.9° £ 2.8°
(Figure 3.5B), consistent with the extreme hydrophobicity of untreated PDMS, and remained un-
changed during aging. A plasma-treated PDMS surface that was aged under atmospheric conditions
only retained its hydrophilicity for a short period of time (Figure 3.5C) and reverted to a hydropho-
bic state within 10 hours. The behavior of untreated and treated PDMS during aging matches

that reported in the literature®»"*** and is thus not particularly remarkable. On the other hand,
plasma-treated PDMS surfaces aged in contact with a hydrogel were able to retain their hydrophilic-
ity, 330°, for a period of at least 408 hours, although the average values of the contact angle were
slightly higher than the initial contact angle of treated PDMS, 3 = 23.5° & 6.9°. This result suggests
that there is an interaction between the hydrogel and the silanol groups on the PDMS surface that
suppresses hydrophobic recovery. The graph shows clearly that even a brief exposure to the atmo-
sphere degrades the contact angle on treated PDMS. It is now necessary to relate these changes in
contact angle relate to interfacial adhesion before any conclusion can be drawn.

Figure 3.6 shows the results of the peel tests as a function of interface aging time. As illustrated in
the figure, the measured adhesion energy changes significantly with aging: it increases from an initial
value of T = 4.6940.53/ m > toI' = 14.63t0.75/ m ™ * after 73 hours, i.e., a three-fold enhancement
in adhesion. Although this behavior is not explained by any mechanism based on the hydrophobic
recovery hypothesis, it is clear that the adhesion is stable at its plateau value of 15/ 7~ for up to 408
hours after the initial aging period. If hydrophobic recovery had occurred during aging, the adhesion
would have degraded due to the reduction in physical bonding between hydrogel and elastomer or

a reversion of the contact angle of the PDMS surface back to a hydrophobic state. Since neither of
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Figure 3.5: Contact angle stability of plasma-treated PDMS and Hydrogel interface. A) Contact angle measurements
over a period of 400 hours of untreated PDMS and plasma-treated PDMS aged in contact with hydrogel (green
diamond) or exposed to atmosphere (red square), with all lines to act as a guide to the eye; samples were all stored
under RH control of 47%. Images illustrating B) hydrophobic (at 109.9°), C) weakly hydrophilic (at 54.8°) and D)
hydrophilic (at 30.3°) regions of the behavior are shown.

these effects were observed, the surface treatment must be preserved, verifying the hypothesis that
hydrophobic recovery of plasma-treated PDMS is inhibited by the presence of a hydrogel. This new
form of hydrophobic recovery suppression may be useful for preserving the surface treatments of

PDMS and polymers in general, both within the context of printed soft materials and beyond.

3.3.2 VISCOUS DISSIPATION AT THE HYDROGEL-ELASTOMER INTERFACE

During adhesion testing, a viscous fingering instability developed at the interface between the hy-
drogel and the PDMS. In controlling for the rheological modifier (Figure 3.8A and B), it became
apparent that this phenomenon is directly related to the presence of the rheological modifier in
the hydrogel. A hydrogel without any rheological modifier was cast and aged for a period of 336
hours, but no fingering was observed (Figure 3.8A), while a hydrogel with modifier showed exten-

sive fingering at approximately 73 hours (Figure 3.8B,C). With aging, a viscous layer develops at the
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Figure 3.6: Peeling data for interfacial toughness of PDMS-Hydrogel interface. A) An example of the hydrogel-
elastomer bilayer interfacial peeling data used to calculate the plateau peeling force, presented as a plot of peeling
force divided by sample width against peeling extension. B) A plot of the interfacial toughness of the plasma-treated
PDMS and PAAm hydrogel interface observed over a 408 hour time period, with black line as a guide to the eye.
Highlighted in blue, red, and green are data points at 18, 73 and 406 hours represented by the peeling data illustrated
in A).

hydrogel-PDMS interface leading to fingering during delamination. We believe that energy dissi-
pation in this viscous layer contributes to the interfacial adhesion, consistent with models of the
adhesive failure of visco-elastic solids™®?, and is in fact the reason why the adhesion improves with ag-
ing. The only other time-dependent phenomenon expected in this context is hydrophobic recovery
of the PDMS, which is readily ruled out since this mechanism would lead to a decline in adhesion.
Visually, the phenomenon appears similar to the fingering instabilities first observed in the study

of viscoelastic adhesion™°

. They have also been observed in elastic systems™”, such as when peel-
ing rigid plates from elastic adhesive films*** and the elastic instabilities present during the peeling
of pressure sensitive adhesives'”. That these instabilities remain after peeling suggests that the ma-
terial responsible for the fingering is extremely viscous, which is indeed the case for the rheological
modifier.

The viscous layer leaves a visible residue on the PDMS surface, as well as filaments on the hydro-

gel surface, indicating that the interfacial fracture propagates within the viscous layer rather than at

the interface of hydrogel or PDMS. A consequence of this viscous residue is that it allows for com-
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Figure 3.7: Stress-relaxation tensile testing of bulk hydrogel samples with varying ratios of uncrosslinked to
crosslinked PAAm within the network. This illustrates the small effect of uncrosslinked PAAm on the bulk hydrogel

mechanical properties.
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Figure 3.8: Peeling of PDMS-Hydrogel interface and Adhesion Recovery. A) A representative image of a peeling

test after 336 hours of aging for a hydrogel containing no rheological modifier cured in contact with oxygen plasma-
treated PDMS. B) & C) These representative images illustrate peeling tests of PDMS off hydrogels containing rhe-
ological modifier at aging time of 73 hours and 18 hours respectively. D) Plot of the adhesion recovery at different
waiting times, 5 min and 24 hrs, of the plasma-treated PDMS-hydrogel interface for hydrogels both with and without
the rheological modifier.
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pletely reversible adhesion between the hydrogel and PDMS, as illustrated in Figure 3.8D. The fig-
ure shows a simple experiment in which a hydrogel- PDMS bilayer was first aged for at least 96 hours
to ensure full development of the viscous layer, then delaminated and re-adhered without additional
applied pressure (i.e. only gravity), and finally delaminated again after the specified amount of time.
At each delamination step the adhesion energy was measured. The observation is that the adhesion
in the final delamination recovers 107 £ 1% of its previous value after 24 hours if the hydrogel has
the rheological modifier, but only 57 & 33% without the modifier. We believe that the reduced ad-
hesion in the latter case is due to partial hydrophobic recovery. When the plasma-treated PDMS
surface is exposed to the atmosphere for approximately ten minutes after delamination, it under-
goes hydrophobic recovery. This does not happen for the samples with the rheological modifier be-
cause the viscous residue that is left on the surface of the PDMS acts as a medium with which silanol
groups in the PDMS can form hydrogen bonds. The adhesion is then dominated by the dissipation
that the viscous layer affords, i.e., the viscous layer acts as a pressure-sensitive adhesive binding the
bilayer together.

Since the viscous layer significantly alters the behavior of the interface when loaded under mainly
mode I conditions, we also evaluated the effect of the viscous layer when the interface is loaded
mainly in shear. We thus conducted a mode II dominated delamination test to evaluate if the failure

mode was different from previously observed hydrogel-elastomeric bilayer systems™ (

Figure 3.10A).
As Figure 3.10B illustrates, the crack front only propagates a small distance despite the stiff back-

ing layer applied to the hydrogel to drive the bilayer towards delamination. Instead of steady-state
crack propagation, the PDMS substrate fails and proceeds to slide across the hydrogel surface; this
can be inferred from the lack of apparent flow or motion in the central region where the fractured
PDMS and hydrogel remain in contact. There is a significant amount of viscous residue remaining
on both hydrogel and PDMS, as observed in the 90° peel tests. The critical energy release rate, G, for

180

this geometry can be determined using the method described by Tang et al.**° and is approximately
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Figure 3.9: Dynamic Mechanical Analysis (DMA) data on bulk hydrogel containing rheological modifier using a DMA
Q800 (TA Instruments). The test was performed under compression at maximum oscillatory strain of 3% on a cylin-
drical sample at 25° C and an initial contact force of 0.01N.

G = 29.88/m™* shortly prior to substrate failure (see Figure 3.9 for hydrogel viscoelastic moduli).
We note that the crack front of the sample propagated a small amount, but then stopped even after
the PDMS substrate failed and began sliding back (Figure 3.10B ). This behavior is due to the flow-
ing of the viscous layer as the sample is deformed in shear (Figure 3.10C). Contrary to the mode I
scenario where the two materials are separated perpendicularly, in mode II the materials are kept in
contact with the viscous layer at all times.

Several possibilities were considered regarding the origin of the viscous layer. For instance, the
viscous layer could be the result of incomplete curing caused by the presence of oxygen in the PDMS
given the high gas permeability of the material *****. However, the lack of viscous fingering in a

hydrogel cured without rheological modifier suggests otherwise (Figure 3.8A). Separate combina-
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Figure 3.10: Bilayer shear testing performed on an aged hydrogel-PDMS interface. Photos have been decolorized
for clarity. A) shows the sample and a representative schematic of the un-stretched sample (schematic not to scale).
Acrylic, hydrogel, and PDMS layers had thicknesses of 1.6mm, 0.5mm, and 1.6mm respectively, all had a width of
25mm. B) As the sample is stretched at a rate of 10mm/min, the PDMS portion is deformed while the thinner hydro-
gel layer, bonded to a stiff acrylic plate, is constrained. With increased strain the PDMS eventually fails and displays
a slide/relaxation phenomenon that is readily explained by the presence of a viscous layer at the hydrogel-PDMS
interface. C) An equivalent schematic representation of the previously described sample as it is stretched.
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tions of hydrogel-PDMS curing tests showed that viscous fingering occurred only when both the
PDMS was plasma-treated and the rheological modifier was present in the hydrogel. Both hydrogels
with and without rheological modifier were found to have negligible adhesion and no viscous fin-
gering after peeling from untreated PDMS. Furthermore, it was impossible to reproduce the effect
even after 350 hours of aging if the rheologically modified hydrogel was cured separately and subse-
quently placed in contact with plasma-treated PDMS. These observations suggest that the hydrogel
must be cured in contact with the treated PDMS surface to reproduce the segregation. Since the
uncrosslinked PAAm used as rheological modifier has a high molecular weight and is quite viscous,
this requirement may arise from the difficulty of the PAAm chains diffusing to the surface in the
presence of a fully formed network. We further note that hydrogen bonding as a driving force acts
equally on both the hydrogel network and the rheological modifier, given that they are chemically
indistinguishable aside from the low-density crosslinks, but only the rheological modifier is mobile.
Since hydrogen bonding is typically a short-range driving force, we suggest that a fraction of the rhe-
ological modifier is able to migrate to the PDMS interface pre-gelation, which partially anchors these
chains to the interface via hydrogen bonding. Once anchored, these polymer chains may continue
their migration to the interface post-gelation through a pull-out process.

The segregation phenomenon was further confirmed by means of fluorescence confocal mi-
croscopy using fluorescently tagged un-crosslinked PAAm chains as rheological modifier. Figure
3.1t makes it abundantly clear that the PAAm chains are in fact aggregating as a macroscopic, 30 um
thick layer at the interface between the hydrogel and PDMS and that this layer is present as early
as 18 hours after sample fabrication. As the bilayer is aged beyond 18 hours, we observe that 1) the
thickness of the layer continues to increase from an initial 3oum to soum, and that 2) visible levels
of un-crosslinked PAAm remain within the hydrogel network. This result strongly suggests that this
phenomenon is indeed a bulk-to-interface segregation of the rheological modifier within the PAAm

hydrogel. Although recent studies have described how bulk-to-interface viscous flows can contribute
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to hydrogel adhesion™®, there are no previous reports of fluids in hydrogels undergoing macroscopic
phase separation from bulk to interface. Furthermore, the observation that no segregation occurs if
the hydrogel is cured separately from the treated PDMS suggests the need for an initial “seed layer”
at the interface that forms during the network curing stage and that allows continued segregation
after the hydrogel is fully cured. That this layer continues to grow in thickness at a slow rate could
be explained as a diffusion-driven process™®, whereby the uncrosslinked polymer chains are drawn
from the network to the interface; however it is difficult to establish whether this is due to chain-
anchoring or some other driving force in the system. The adhesion enhancement that comes with
the migration of the viscous layer must arise from the entanglement that is inevitable for long poly-
mer chains contained within a cross-linked network. This entanglement allows viscous dissipation
at the interface, greatly enhancing the adhesion. The fact that significant amounts of residue remain
on the PDMS surface signifies that the hydrogen bonds between the viscous layer and the PDMS are
not readily severed, making the situation a viscoelastic analog to the classical tethered polymer melt
at the interface between two polymers™’. The introduction of this rheological modifier changes

the nature of the adhesion from simple physical bonding into one where polymer chains are pulled
out of their entangled state, albeit one where the chains are not chemically anchored to either sur-

face 977198,

3.4 CONCLUSIONS

Evaluation of the interfacial adhesion as well as contact angle measurements demonstrate that a hy-
drogel is capable of stabilizing PDMS surface oxidation treatments for extended periods of time
while in direct contact. Furthermore, we have discovered that a macroscopic viscous layer segregates
to the interface of a hydrogel-PDMS system if the hydrogel precursor contains a long-chain rhe-

ological modifier and the PDMS surface has been plasma treated with oxygen. This viscous layer
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Figure 3.11: Fluorescence confocal imaging of the PDMS-hydrogel interface, having containing tagged the un-
crosslinked PAAm chains with fluoroscein-o-acrylate and aged for A) 18 hours or B) 384 hours. 3D reconstruction
utilized scans centered on the interface iIOOMWl and included both bright field and fluorescence channels for the
perspective view; top and side views of the reconstruction used only the fluorescence channel.
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enhances adhesion by increasing energy dissipation during delamination, a picture that is consistent
with accepted models for interfacial failure in adhesives™ and earlier studies on adhesion enhance-
ment through viscous dissipation*?°>*°*, The presence of the viscous layer also results in fully
reversible interfacial adhesion. This result highlights a simple method for improving the fabrication
by printing of integrated systems of soft materials using preexisting techniques and materials that
are readily available. Since the surface modification strategy employed here is applicable to poly-
mers in general, the combination of rheological modifiers and plasma treatments may be an effective
method for improving the adhesion for any printed heterogeneous material system consisting of a

hydrogel and an elastomer.
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Exploring Hydrogel-Elastomer Adhesion

Enhancement Mechanisms

4.1 INTRODUCTION

As THE FIELD OF STRETCHABLE ELECTRONICS MATURES, hydrogel-based ionotronics stand well
poised to fulfill many applications that require softness, stretchability, transparency, and biocom-
patability #*. However it has only been recently that developments have been made towards the
advanced manufacturing of heterogeneous soft materials devices. Prior to these developments cast-

ing and manual assembly has been the dominant means of making these devices, which range from

436,202,158

skin-like sensors® , ionic cables¥, optical wave-guides®®, touch panels*°, actuators**4, and

electroluminescent sources3®¥. Some studies have begun to move beyond manual assembly by com-

205,

bining casting with other techniques like sewing*****?. However, in terms of single-step processes

a variety of manufacturing techniques have been applied towards hydrogel device fabrication, in-

206

cluding stereolithography>°°, two-photon polymerization®, and inkjet printing*°7*°*. Materials

extrusion (also known as extrusion printing**®

, 3D plotting®®, direct ink writing*", etc.) has the ad-
vantage of technological simplicity, ease of adopting multiple materials, and low commercial costs*.
Multi-material printing or the fabrication of devices with dissimilar materials is important as

these are what will ultimately give the most functionality. In the same way that electrical circuitry re-

lies on dissimilar materials in order to function, such as between conductors and dielectrics, hydrogel-
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based circuitry requires the integration of elastomers both hydrophilic and hydrophobic. With-
out proper integration, long-term reliability of such devices will inevitably become suspect lead-
ing to failures such as delamination. Unfortunately, although there are an abundance of stud-

ies that have looked at the extrusion printing of soft materials independently, such as for hydro-

62,59,60,212,213,214,215,76 20,21,143,146,216,217,91,100

gels or silicone elastomers , those that have looked at hydrogel-
elastomer device fabrication are far fewer in quantity.
Hydrogel-elastomer fabrication studies can generally be divided into several categories. Those

64192 or contact forces

that rely on physical bonds for adhesion, such as through hydrogen bonding
from conformation*¥*#4' may indicate acceptable integration, but ultimately rely on the lack
of significant driving forces at the interface. Strong integration, which generally is reflected by the
presence of cohesive failure, has yet to be demonstrated between hydrogel and elastomer through
physical bonds. Techniques utilizing chemical bonds for their integration are predominantly based
around the UV photoinitiator benzophenone, with the majority being surface based modifica-

tions 104,105,106

and one instance of volume modifications'’. These techniques use a compound that
upon UV exposure generates free-radicals capable of reacting with both hydrogel and elastomer
networks in order to form chemical crosslinks between them; this means that integration occurs si-
multaneously with network formation. Silane-based chemical coupling on the other hand has been

successfully demonstrated to be viable for hydrogels and elastomers ™9

, where a compatible silane
coupling agent is co-polymerized into the material bulk and allowed to react independently of the
polymerization reaction (Figure4.1). However, previous works using silane coupling agents with
hydrogels did not fully explore their viability within the extrusion printing context as a printing-
relevant rheology was not developed and used in conjunction with a silane coupling agent. In ad-
dition, modifications to the system described are necessary in order to adapt them for hydrogels of

high ionic strength as needed for good electrical conductivity. Since silane coupling represents a

potentially different pathway towards achieving dissimilar materials integration for extrusion 3D-
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Figure 4.1: In heterogeneous printing, one must account for the integration of materials across materials interfaces.
In this work, we highlight the use of coupling agents that can be integrated into the bulk of the materials being
printed, but can subsequently bond across the materials interface even after the networks have been formed.

printing, validating its viability is worth exploring.

This work studies the viability of silane coupling agents as a strategy for adhesion enhancement
for the extrusion 3D printing of high ionic strength hydrogel and silicone elastomer. Polyacrylamide
(PAAm) hydrogel and polydimethylsiloxane (PDMS) hydrophobic elastomer have been selected as
a model system for their simplicity, ease of fabrication, and ubiquity in hydrogel ionotronic devices.
As the foundation for the extrusion printability of these materials, we build upon existing work in

the extrusion 3D-printing context ®4.

4.2 METHODS

Figure 4.2 highlights the chemical reaction schematic that underlies the silane-based coupling agent
strategy we have employed.

Because of the maturity of the silane chemistry, there is already a pre-existing library of com-
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pounds that are available for commercial purchase 28,219 Ag a result, there are a wide variety of
networks that are capable of being adapted to the strategy we utilize here. For this study we have
adopted 3-(trimethoxysilyl)propylmethacrylate (TMSPMA) and triethoxyvinylsilane (TEOVS) as
the coupling agents for the PAAm hydrogel and PDMS networks respectively. Co-polymerizing
these agents into their respective networks (Figure 4.2) effectively modifies the entire network so as
to be potentially capable of coupling together. The hydrolysis step then activates the silane com-
pounds by converting methyl groups into hydroxyl groups, a process which occurs more readily
under acidic conditions**°. It is vital to note that this step readily occurs in the hydrogel due to its
high water content, provided the pH is of sufficient acidity. However, hydrolysis does not natu-
rally occur in the PDMS elastomer™?, presumably due to its hydrophobic nature. Hydrolysis in the
PDMS can be initiated by making contact with acidic water or hydrogel and potentially accelerated
through the use of surfactants, effectively causing a surface activation of the silane coupling agent.
It is important to note that condensation is a reaction that readily occurs under high pH conditions
and the kinetics are significantly reduced at low pH **°; in order to preserve condensation sites dur-
ing processing, but still maintain a reasonable rate of condensation during curing, the pH was tuned
to 3.5 and was not otherwise modified.

Coupling in and of itself is not sufficient for extrusion printing and several other factors need to
be addressed. Wetting is crucial for material printability of the extrusion 3D-printing process. Pre-
vious studies have indicated that integrating surfactants into the PDMS is a viable strategy for im-
proving wetting behaviors**»**»?*, By integrating surfactants into the bulk we may simultaneously
accelerate the coupling reaction and achieve satisfactory wetting behaviors without the need for ad-
ditional processing such as plasma-oxidation ®*. In line with previous work, we opt to integrate the
surfactant into the PDMS, though integration into the hydrogel precursor is possible. In order to
avoid incompatibilities due to the high ionic strength of the hydrogel precursor, a non-charged sur-

factant was selected for use (Brij®L23).
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Figure 4.2: Chemical reaction schematic for the incorporation of coupling agents into hydrogel and silicone elastomer
networks and their subsequent activity leading to materials integration. Coupling agents are incorporated into their
network through reactions with the network unit. After co-polymerization into the network, the coupling agents
undergo activation via hydrolysis; this process readily occurs in the hydrogel but requires mediation to occur in the
PDMS. After activation, the coupling agents are able to condense across the material interface to form chemical
linkages between the two networks.

The hydrogel precursor formulation as described by Tian et al. ®* contains lithium chloride (LiCl)
salt for its conductivity and hygroscopic properties, and uncrosslinked PAAm for rheological mod-
ification. The materials used in this study have been modified from this formula to incorporate the
silane coupling agents and other necessary compounds. As illustrated by Figure 4.3, the rheological
properties of the modifier are suitable for printing and minimally differ from those observed previ-
ously for the same concentration of polymer in aqueous solution °#. Initial testing was performed
using casting rather than printing for throughput and experimental reasons. Though clear differ-
ences exist, a previous study has supported the idea that the underlying mechanisms of adhesion are
not expected to differ significantly beyond shear-induced printing effects on the material proper-
ties1o?

In particular, we highlight the role of several compounds in the hydrogel and PDMS elastomer.
In the hydrogel precursor: TMSPMA serves as the coupling agent; Acetic acid was used to ad-

220,108,

just the pH of the precursor to 3.5 in order to control hydrolysis/condensation ; since the

reaction kinetics of the silane coupling agents are sensitive to pH and UV curing rate is tied to
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Figure 4.3: Viscometric data for the rheological modifier used in this study, uncrosslinked PAAm chains polymerized
at 8% w/v monomer concentration using Irgacure 2959 as UV initiator. The rheological behavior does not appear
appreciably different from that observed previously **, thus this modifier will be suitable for extrusion printing.
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initiator concentration, the UV initiator was changed from a-ketoglutaric Acid to Irgacure 2959
in order to avoid coupling pH to UV curing rate. In the PDMS precursor: TEOVS serves as the
coupling agent; Brij®L23 acts as the surfactant (Chemical name: Polyoxyethylene(23) lauryl ether,
CH,(CH,),,CH,(OCH,CH,),,OH).

The TEOVS concentration was kept constant for experimental simplicity in the following study,
however we note that due to the integration strategy we have utilized, the crosslinking density of
PDMS is adversely affected by the addition of higher concentrations of TEOVS. At [TEOVS]=5%
w/w, it was observed that the final material after 24 hours of 65° C curing was significantly softer and
readily underwent plastic deformation. When even higher concentrations of TEOVS were used,
the resulting material did not cure into a solid, presumably due to the consumption of available
crosslinking sites by the silane coupling agent. This places a limitation on the Sylgard 184 PDMS
recipe, and potentially other similar elastomers, without additional modifications to introduce more
crosslinker. Exact recipes used in this study have been specified in the experimental section (Ap-
pendix A).

It is worth mentioning that due to the silane coupling agent’s bonding capabilities, particularly
given the UV exposure used in this study, it is crucial that during the sample removal process that
care be given towards the materials in contact with the hydrogel precursor, as these will strongly
bond together. This results in the need to apply additional pressure to the bilayer in order to main-
tain interfacial integrity prior to testing; this can be achieved by designing a mold with externally
accessible ports to apply said pressure.

A 90°-peel test setup was used to quantify the adhesive energy of the PAAm hydrogel-PDMS
bilayers. By peeling oft the PDMS from the hydrogel layer affixed to a glass substrate, traces of
the peeling force against peeling extension were obtained. All tests were initiated by making a pre-
crack of less than smm and performed at a constant peeling rate of somm /min for a length of at

least Gomm. After the crack begins propagating through the bilayer, the peeling force eventually
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Figure 4.4: Cast hydrogel-PDMS bilayers with varying hydrogel silane concentration (TMSPMA) and PDMS surfactant
content (Brij® L23). PDMS silane concentration (TEOVS) was kept constant at 2% w/w relative to PDMS mass. It can
be observed that the presence of both surfactant and high amounts of silane are required in order to obtain good
adhesive strength of the materials interface.

settles into a steady-state regime. Strain energy release rate during peeling, G, can be described™” as
G = £(1 — cos9) for peel angle 9, peel force F, and sample width 4. This expression simplifies to

G = F/bfor$ = 90°. Under steady-state crack propagation, the interfacial fracture energy or
toughness I' = G, such that I'is given by the measured plateau peeling force divided by the width of

the specimen.

4.3 REsuLTs AND DiscussioN

The peeling tests reveal a clear difference in adhesive behaviors depending on the compositions that
are used in the hydrogel and elastomer. In all of the discussed tests, the silane concentration in the
PDMS was kept constant at 2% w/w of the net PDMS content. As Figure 4.4 shows, increasing the
coupling agent concentration corresponds to an increase in the adhesive strength of the interface.

However this trend only seems to hold for cases where surfactant is incorporated into the PDMS
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Figure 4.5: As the silane concentration of the hydrogel is varied, it can be observed that the peeling behavior of the
hydrogel-PDMS interface varies as well. TMSPMA concentration: A) O (,cL/mL, B) 1.9 ‘uL/mL, C)15.2 (,cL/mL,
D) 30.4 yL/mL. In A) and B) we observe interfacial failure, as no permanent damage is sustained by either material.
In C) and D) we begin to see cohesive failure of the hydrogel, as solid residues are left on the PDMS surface and
permanent damage is observed on the hydrogel. We note that clear ligaments can be observed in C) and D).
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(1% BrijL23 condition). Within these conditions, the highest interfacial toughness we were able to
achieve was I’ = 84.74 £ 2.25 at [TMSPMA]=30.4 uL/mL and 1% BrijL23.

For the surfactant containing conditions, experimental observations indicate a shift from inter-
facial failure of the interface to cohesive failure of the hydrogel occurs around [TMSPMA ]=15.2
wuL/mL, as permanent damage can be seen in the hydrogel after peeling and solid residues remain
on the PDMS. The fingering instabilities that form during peeling (Figure 4.5) begin to form clearly
defined ligaments with more silane coupling agent (Figure 4.5 C and D, Figure 4.6). This behavior
is consistent with previous studies of soft materials adhesion’** and may be attributed to either elas-

tic™H9%193 or viscoelastic effects in the adhesive°

. These instabilities only temporarily remain after
peeling for the lower silane concentrations, but are permanent for the higher concentrations (above
[TMSPMA ]=15.2 L /mL). Previous studies have indicated that some mechanisms allow for the
participation of the rheological modifier in the formation of these peeling instabilities***, however,
it is possible there is a combined effect at play. The aforementioned mechanism requires a degree of
hydrophilicity of the PDMS surface before occurring, which coincides with the introduction of the
surfactant. Further investigation would be required to firmly establish to what extent the rheological
modifier affects the peeling.

It is expected that the positive correlation between TMSPMA and interfacial toughness con-
tinue above the tested range of TMSPMA, however [TMSPMA ]=60.8 uL/mL hydrogel precur-
sors were attempted and resulted in a phase-separated mixture that was unable to properly UV-cure
under standard conditions. TMSPMA was still incorporated into the gel mixture, as the hydrogel
does eventually crosslink due to the self-condensation action of the silane over the course of several
days; this indicates that the initiator was likely affected in some way, however we were unable to
determine the root cause. Even so, observations for the 1% BrijL23 and [TMSPMA]=30.4 uL/mL
condition suggest that the interfacial toughness is more likely bounded by the toughness of the hy-

drogel rather than the hydrogel-PDMS interface. Modifying the recipe by halving the amount of
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Figure 4.6: These two cropped images grant a different perspective to Figure 4.5D, in order to highlight the well-
defined ligament structures that coincide with cohesive failure of the hydrogel. A) is a photograph taken during peel-
ing, while B) is taken at the end of the same peeling test.

UV crosslinker (corresponding to the N,N’-methylenebis(acrylamide) or MBAA) and keeping all
other factors constant, we are able to achieve a stronger interface with peak peeling forces indicating
G = n27/m™*. According to the Lake-Thomas model **4, reducing the crosslinking density of the
hydrogel network leads to a greater capacity for elastic energy dissipation. This increase in energy
dissipation would lead to a corresponding increase to the overall interfacial toughness, provided the
inter-network bonding is of sufficient strength to allow for such deformation™®. Further improve-
ments to the toughness will likely need to explore toughening mechanisms for the materials being
printed. In addition, since it is well known that the TMSPMA will act as a secondary crosslinker
within the material bulk, designing materials recipes should factor in the ultimate materials proper-
ties after both the standard copolymerization process and coupling reactions have occurred™®. We
note that unless the pH is modified to an alkaline environment, complete condensation will likely
take a significant period of time due to kinetics**°.

In the condition where no surfactant was used (0% BrijL23), minimal changes were observed in

the peeling behavior with increasing [TMSPMA]. Fingering instabilities were present as soon as
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TMSPMA was introduced, in line with the 1% BrijL23 and [TMSPMA]=1.9uL/mL condition,
however only interfacial failure was observed for the entire range of surfactant/silane explored. This
suggests the surfactant is a necessary mediator of the coupling reaction for the range of compositions
that we have explored. However, previous experiments have demonstrated that surfactant is not
necessary for satisfactory hydrogel-elastomer bonding outside printing-relevant contexts™?, which
suggests that some form of inhibition is occurring within the system we are studying.

To investigate this, we have examined all components and processing steps that may differ be-

tween Liu et al.™?

and the present system. This investigation has led to the hypothesis that the pres-
ence of the rheological modifier has a detrimental effect on the final adhesive strength that can be
attained at lower concentrations of TMSPMA. This has been observed even for reduced rheological
modifier concentrations, down to 1/4 of quantities reported in the experimental methods. It was
initially suspected that the centrifugal mixing process may have exhausted silanol sites prior to inter-
facial condensation. Though the rheological modifier is too viscous to mix using a vortex mixer and
centrifugal mixing must be used, Figure 4.7 indicates that there is no appreciable difference between
the two processing techniques. Hydrogel precursor formulations that do not utilize any rheolog-
ical modifier achieve similar levels of adhesion and are all observed to experience cohesive failure.
Inserting a waiting time at room temperature does little to affect the adhesive strength, and addi-
tional tests verified that inserting a waiting time at elevated temperatures of 65° C also has minimal
effect. Temperatures of the mixtures during centrifugal mixing were observed to be elevated up to
41 — 45° C, with the rheological modifier contributing to a 4° Cincrease in stable temperature during
mixing; this we determined was too small of a difference to warrant further consideration. However,
the introduction of the rheological modifier immediately results in poor adhesion.

Other possible explanations for this were explored, but unfortunately none yielded a concrete
mechanism of action. Another proposed parameter was the precursor viscosity, where the high vis-

cosity required for printing may have adverse affects on the kinetics of condensation. Though this
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would appear to make sense of the results, internal tests and previous work™® without rheological
modifier have both shown that cohesive failure can still be obtained by having fully-cured hydrogel
and PDMS making contact and cured at elevated temperatures. A solid network would be a sufh-
ciently close approximation to a liquid with infinitely high viscosity, thus the hypothesis appears

to fail by an experimental reductio ad absurdum. Another possibility considered was an interaction
between the monomer (acrylamide) and the silane coupling agent, however repeated internal tests
confirmed that cohesive failure was still achieved with hydrogel precursors of the equivalent network
monomer content as monomer and rheological modifier combined. Although some batch consis-
tency issues arose from moisture sensitivity of the TMSPMA, even after handling procedures were
standardized the presence of the rheological modifier consistently failed to achieve appreciable adhe-
sion at lower silane concentrations. TMSPMA was also pre-hydrolyzed prior to addition to the rest
of the hydrogel precursor by vortex mixing it with an acidic aqueous solution (pH=3.0, Acetic Acid)
for 10 minutes, however this also did not induce any change to the adhesion with rheological mod-
ifier present. Regarding PDMS processing, modifying the mixing order of its components (base,
surfactant, silane, and curing agent) was considered, but failed to yield any significant results. While
we were unable to determine the mechanism underlying this phenomenon, we have observed that
the rheological modifier appears to necessitate significantly more TMSPMA and the presence of a
surfactant to achieve good interfacial toughness of the hydrogel-PDMS interface.

In order to explore the effects of the surfactant on the adhesive strength, we maintain a constant
concentration of the TMSPMA ([TMSPMA]=30.4 uL/mL) and vary the surfactant concentra-
tion (Brij®L23) in the PDMS. Figure 4.8 shows that there is an optimal amount of surfactant to be
used, which is approximately at the 1% BrijL23 concentration. Too little surfactant (0.5% and less)
yields interfacial failure, suggesting that insufficient levels of condensation occurs in that condi-
tion. Whether this is due to insufficient hydrolysis or condensation was not able to be determined.

Too much surfactant (2% Brij®L23) still yields cohesive failures, but adhesive strength is lower than
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RheoMod Mixing Condition rym?) * | n
0 30s vortex + no wait 3591 5.36| 3

0 30s vortex + 1hr wait 27.96 1.54| 2

0 30s vortex + 2hr wait 27.13 3.76| 6

0 1hr centrifuge + 1hr wait | 40.19 4.53| 3

8% w/v | 1hr centrifuge + nowait | 6.00 0.76] 3

Figure 4.7: Different mixing methods and time were tested for their achievable interfacial toughness and to iso-

late the effects of the rheological modifier on the silane coupling agent kinetics. All tests were performed at
[TMSPMA]=1.9/,LL/mL and [TEOVS]=2% w/w to PDMS mass. No surfactants were utilized and fabrication pro-
cedures are otherwise identical to those stated in the experimental section. Rheological modifier was introduced at
the same printing-relevant level as indicated and was unable to achieve reasonable adhesion. 7 indicates the number
of tested samples in each condition.
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Figure 4.8: A) By fixing hydrogel TMSPMA concentration at 30.4pL/mL and PDMS TEQVS concentration at 2%
w/w, we can clearly see the effects of varying the surfactant concentration (Brij®L23) on the interfacial toughness.
Too little surfactant yields minimal improvement to the adhesion, whereas too much can cause degradation of the
adhesion. B) & C) illustrate the peeling behavior differences between having 0% and 1% surfactant, which shows
interfacial and hydrogel cohesive failure respectively.
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at1% Brij®L23. The results are consistent with previously reported results™®, however due to the
time-sensitive nature of silane kinematics it is difficult to disentangle the hydrolysis from the con-
densation process. A previous report suggests that a crowding out of the silane functional groups
may be occurring at higher surfactant concentrations. While our results do not shed further light on
precise mechanism of action, they do confirm the general trend of a local maximum of effectiveness
for surfactant action.

Nevertheless, experimental observations suggest that the surfactant plays a role at both the hy-
drolysis and condensation stages of the coupling. First being that in all cases, both with and without
surfactant, the PDMS surface after peeling and DI water rinsing are more hydrophilic in their wet-
ting behavior even when no cohesive failure has been observed; this suggests that (at least partial)
hydrolysis of the TEOVS has occurred in the time the PDMS has been in contact with the PAAm
hydrogel irrespective of the presence of the surfactant. Secondly, the fact that excess surfactant
causes poorer adhesion to occur only makes sense if we consider condensation stage related activ-
ity in addition to those in hydrolysis. Surfactant participation in silane hydrolysis only explains the
poor adhesion observed at lower concentrations of surfactant.

In order to validate the study that we have performed using materials casting, we then fabricated
samples using an extrusion printer with methods as described by ®+. As Figure 4.9A illustrates, a
sooum barrel was used to extrude a UV-curable formulation of PDMS, which was then fully cured
prior to extrusion of the hydrogel precursor directly on top. A glass plate was then placed on top of
the hydrogel with spacers prior to a complete UV cure within a nitrogen purged container, which
then allows for a rigid peeling substrate to cure in contact with the hydrogel and develop strong
bonding. A peeling test was then performed using bilayer sheets of material that were printed in this
manner, which as Figure4.9 demonstrates, good bonding between hydrogel and PDMS elastomer
is achieved with T’ = 192.79 £ 6.26/m™*. It is worth noting that the failure mode observed was

primarily that of the hydrogel-glass interface, despite an initial crack at the hydrogel-PDMS inter-
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Figure 4.9: A) Samples are fabricated via materials extrusion from syringe barrel in a customized extrusion printing
machine for the peeling test shown in B). PDMS was printed first and cured to completion prior to hydrogel extru-
sion. Both hydrogel and PDMS were printed as a 20mm x 70mm sheet with a 500z ID syringe tip. B) Peeling tests

indicate adequate adhesion and failed primarily at the hydrogel-peeling substrate interface despite initial crack at the
hydrogel-PDMS interface.
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face, which suggests that the actual interfacial toughness may be different from or larger than the

observed value.

4.4 CONCLUSIONS

In summary, we have successfully demonstrated that, with the appropriate modifications, a silane
coupling agent strategy is viable for the extrusion printing of hydrogel onto PDMS elastomer. Al-
though there appears to be some form of condensation inhibition due to the presence of the rheo-
logical modifier, the combination of a non-charged surfactant and increased coupling agent concen-
tration is sufficient to overcome this barrier to cohesive failure. Evidence suggests that the interfacial
adhesion that we have achieved is bounded by the material toughness, not the interfacial toughness.
Therefore further enhancements to the adhesion must investigate mechanical toughening mecha-
nisms for the hydrogel and PDMS materials. Although further work needs to be done in order to
establish full compatibility of the coupling agent strategy for the extrusion printing of high ionic
strength hydrogel and elastomer, this work serves as an important step in verifying the potential of

silanes to serve well in this task.
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This is the way the world ends
This is the way the world ends
This is the way the world ends

Not with a bang but a whimper.

”The Hollow Men”, by T.S. Eliot

Conclusion

HyDROGELS have undergone a rapid series of developments over the last several decades and have
proven their potential, not only for its bio-compatibility, but as a powerful and complex engineering
material. Though the field surrounding hydrogel-elastomer ionotronic fabrication is nascent, many
contributions towards proper materials integration in extrusion printing have been made through

the course of this dissertation. We summarize these contributions:
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* A new class of hydrogels that retain high stretchability, high fracture toughness and good
conductivity at temperatures far below the freezing point of water was developed by using

an alginate-PAAm tough gel soaked with CaClL. Three new hydrogel states below freezing
were characterized: regular hydrogel, slurry gel, and fully frozen gel. Slurry gels demonstrated
improved mechanical properties over the other two states. A stretchable ionic touch sensor

that functions at temperatures well below the freezing point of water was demonstrated.

* A method for the 3D extrusion printing of an ionically conductive PAAm hydrogel and a
PDMS dielectric elastomer was developed by targeting several aspects of extrusion printabil-
ity. By tuning the rheological behavior of the hydrogel precursor and performing oxygen
plasma treatments of PDMS surfaces, we demonstrated printing and integration of hydrogels
directly with PDMS at sub-millimeter resolution. We demonstrated the printing capability

of this platform by fabricating an ionic cable and resistance-based strain sensor.

* A quantitative study of the interfacial adhesion and water contact angle demonstrates that a
hydrogel is capable of stabilizing PDMS surface oxidation treatments. Furthermore, we dis-
covered that a macroscopic viscous layer segregates to the interface of a hydrogel-PDMS sys-
tem if the hydrogel precursor contains a long-chain rheological modifier and the PDMS sur-
face has been treated with oxygen plasma. This viscous layer enhances adhesion by increasing

energy dissipation during delamination and results in fully reversible interfacial adhesion.

* Finally, we have successfully demonstrated the viability of the silane coupling agent strategy
for hydrogel onto PDMS elastomer extrusion 3D printing. Although some unknown form
of condensation inhibition with a rheological modifier was encountered, the combination
of a non-charged surfactant and increased coupling agent concentration was sufficient to
overcome this barrier to cohesive failure. Evidence suggests the achieved interfacial adhesion

was bounded by the material toughness, suggesting that further adhesion enhancement must
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investigate mechanical toughening mechanisms for the hydrogel and PDMS materials.

Yet despite the many advancements that have been made, many more challenges and open ques-
tions remain. For instance, although viability has been demonstrated for silane-based coupling
agents, the curious effects of the rheological modifier have yet to be fully answered and may pose
problems in adopting it at a wider or larger scale. In addition the technique itself is prone to time-
sensitivity due to thermally driven nature of the condensation process. However, it does solve a
potential problem that other 3D printing materials have encountered: anisotropy of printed ma-
terials. Although this has yet to be verified as an actual issue in 3D printed soft materials (which in
of itself is a study worth undertaking), other materials such as plastics and metals have encountered
differences in material properties dependent on printing orientation. Silane coupling agents stand
well poised to solve this kind of problem, as its binding properties are completely independent of
the network formation process. In addition, none of the studied techniques have made considera-
tion of the recently proposed idea of network topology in adhesion . Intuitively this would open
up a significantly wider array of potential adhesive designs for extrusion printing. It does remain to
be seen to what extent one would be able to take advantage of this new framework of understanding
adhesion in soft materials, particularly when additional constraints must be considered for manufac-
turing purposes.

Although work has been completed in the field regarding arbitrary sequence printing'’, the
technique is not complete. In both the work demonstrated in Chapter 4 and existing literature, no
work has quite solved the problem of high resolution transparent elastomer printing. The addition
of silane coupling agents in of itself also creates a degree of opacity (in the hydrogel) that worsens
with increasing concentrations of coupling agent. These unsolve problems are vital because ulti-
mately these techniques must be scalable, and if printing is limited to certain dimensions due to
poor UV transmission then this is a problem that must be addressed. In addition, although ex-

trusion printing is itself a valuable rapid prototyping tool, being able to extend these advances in
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manufacturing know-how to other kinds of manufacturing is important due to the inherent lim-
itations of materials extrusion. At the end of the day, materials extrusion is slow if you’re making
many copies of the same design. This does mean that customization can be a strong selling point for
the technique, an advantage that cannot be understated due to current research into personalized
medicine** and the potential for the printing of organs with patient compatible tissue. However,
the moment 7z must go from 1 to 10000 is the moment that materials extrusion ceases to be competi-
tive.

Nevertheless, materials integration as a problem never quite goes away. Regardless of the manfac-
turing technique that is eventually selected for hydrogel-based ionotronic devices, dissimilar materi-
als must be made in such a way that strong bonding is achieved. What technique will dominateina
decade? Will this integration be done using chemical, physical, or topological means? All impossi-
ble to say at this stage. However, much of the joy in research is turning the crank of problems, both
large and small, and seeing what the dice of the universe decides to roll. Since solving one problem

leads to many others spawning in its place, there still are (and forever will be) many dice left to roll.
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The scientific theorist is not to be envied. For Nature, or
more precisely experiment, is an inexorable and not very
friendly judge of bis work. It never says “Yes” to a theory.
In the most favorable cases it says "Maybe,” and in the

great majority of cases simply "No.”

Albert Einstein

Experimental Methods

In this appendix, all experimental methods will be detailed for the chapters contained in the main
text of this thesis. Each individual section will correspond to the appropriate chapter for which
methods are described within. Sections will be listed out in sequential order as it appears in the dis-

sertation as appropriate.
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A1 CHAPTERI: HIGHLY STRETCHABLE AND TOUGH HYDROGELS BELOW WATER FREEZ-

ING TEMPERATURE

A1 HYDROGEL SYNTHESIS

All chemicals were received and used without further purification. The following substances were
purchased from Sigma Aldrich: acrylamide (AAm, A8887), ammonium persulfate (APS, A9164),
N,N,N’,N’-tetramethylenediamine (TEMED, T7024), N,N’-methylenebis(acrylamide) (MBAA,
M7279), calcium sulfate dihydrate (CaSO,2H, O, C3771) and calcium chloride (C4Cl,, C1016).
Sodium alginate was purchased from FMC Biopolymer (Manugel GMB). Polyacrylamide-alginate
double-network hydrogels were prepared following the method described by Sun et al.® First,
40.54g of AAm and 6.76g of sodium alginate powder were dissolved in 300mL of distilled water
to form an aqueous solution. The solution was stirred overnight for complete mixing. Afterwards,
MBAA, TEMED, APS and C4SO,2H, O in quantities of 0.0006, 0.0025, 0.01 and 0.022 times the
weight of AAm were added to the solution in sequence. The prepared pre-gel solution was then
degassed, quickly poured into sox4ox1.65mm? acrylic molds, and covered with a glass plate. The
samples were kept at room temperature for 24hr to allow complete polymerization. Afterwards,
the samples were taken out of the molds and were either directly used for testing (referred as o wt%
CaCl, gels) or soaked in 10 wt% or 30 wt% CaCl, solutions for at least 5 days. To ensure that the con-
centration of CaCl, in the external solution remained nearly constant before and after soaking the
hydrogel, we prepared the CaCl, solution with a volume at least 1o times the volume of the hydro-
gel. The final water contents of the o wt%, 10 wt% and 30 wt% CaCl, gels were 76%, 84% and 78%
by weight, respectively. It is worth noting that the precise control of the water content for the dif-
ferent gel compositions is difficult and was not the focus of the present study. Instead, we chose to

use a simple and easily reproducible method for preparing the different gel compositions. Extensive
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research on the effect of water content has been conducted and discussed in prior work 8,226,227,228

Eventually, considering the o wt% CaCl, gel as the reference state, the volumetric swelling ratios

reached by the 10 wt% and 30 wt% CaCl, gels were 1.78 and 2.20 respectively.

A1 MEecHANICAL TESTING

A minimum of three specimens were used for all test conditions. The nominal stress-stretch curves
were tested using the pure shear setup, > both at ambient and sub-zero temperatures (i.e. 20°C,
0°C, -15°C, -30°C, -50°C and -70°C), see Figure S3 for the full set of data. A thin sheet of hydrogel
sample with a rectangular shape (somm width and romm length) was fixed to two rigid acrylic grips,
and mounted in an Instron 5966 tensile tester with a 500 N load cell. The temperature of the am-
bient environment was controlled by an Instron 3119-600 environmental chamber supplied with
liquid nitrogen. Tensile tests were performed at a strain rate of 1 min-1, and video-recorded with a
digital camera (Canon 7D). The nominal stress was computed by dividing the applied load on the
sample by its initial cross-sectional area (the product of width times thickness), while the stretch was
calculated by dividing the deformed length by the initial length of the sample. To avoid undercool-
ing of the hydrogel samples, specimens were first held at -9o°C for 45 min and then 20 min at the
final testing temperature to ensure equilibrium conditions for each experiment (see A.1). To mea-
sure the fracture toughness, specimens were cut using a fresh razor blade to create a 20mm notch
extending from the edge of the specimen. The stress-stretch curves of identical specimens with and
without notch were then measured. The critical stretch for fast fracture of the notched specimens
was measured and the associated critical energy release rate was then determined using the method
developed by Rivlin and Thomas :®* G = HW/(X,), (1) where H is the initial length of the sam-
ple and W(}) is the area below the nominal stress stretch curve of the unnotched sample integrated
up to the critical stretch Ac of the notched sample. Thermal characterization: Samples were charac-

terized using a differential scanning calorimeter (TA Instruments, DSC Q200) with a refrigerated
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Figure A.1: Time dependent stress-stretch curves of metastable undercooled 30wt% CaCl, gels at -70°C: (left) two
different temperature profiles for the cooling procedures of (a) equilibrated cooled gels versus (b) metastable under-
cooled gels with different cooling time at -70°C before testing; (c) the corresponding stress-strain curves, showing
inconsistent and variable mechanical response for undercooled specimens. Waiting long enough at -70°C will even-
tually make the gel reach the equilibrated gel response.
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cooling system (TA Instruments, RCS90). Samples were contained in hermetically sealed aluminum
pans (TA Instruments, Tzero Aluminium Hermetic Pan) for testing, with an empty pan used as
inert reference. The DSC was operated under a 4ouLmin™" nitrogen flow rate and data were cap-
tured at a rate of tHz. Samples were first equilibrated at 25C and then cooled at a rate of sCmin™"

to —90C. After an isothermal period of at least 9omin, samples were heated up at 1Cmin ™" to the

initial equilibration temperature (25C).

A.13 CONDUCTIVITY MEASUREMENT

The current passing through a rectangular gel specimen was measured as a function of applied volt-
age (5 measurements ranging from o.1 to 1V) with a 2-point probe set up. Sample dimensions were
measured to within 0.1 mm. The conductivity of the sample was deduced from the slope of current
versus voltage. The measurement was performed for each gel composition at temperatures ranging
from room temperature to —soC. Ionic touch sensor demonstration: We fabricated a sensor that
can detect the pressure of finger touch in a design similar to previous work.* The sensor consists
of a2omm x 2omm x o.smm acrylic elastomer (VHB 4905, 3M), covered with two 30 wt% CaCl,
hydrogels of 20mm x 20mm x o.2mm on each side. Copper wires were used to connect the hydro-
gels to metallic electrodes and the electrodes to a capacitance meter (LCR/ESR meter, Model 88s,
BK Precision). The capacitance meter was set to a sinusoidal measurement signal with a maximum
voltage of 1 V and a frequency of 100 Hz. To demonstrate the sensing ability at low temperature,
we attached the sensor to a glass plate, and recorded the change of capacitance as a result of repeated

touches at -11°C.
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A.>» CHAPTER 2: ADAPTING SALT-HYDROGELS FOR 3D PRINTING

A1 DPREPARATION OF POLYDIMETHYLSILOXANE (PDMS)

A UV curable formulation of polydimethylsiloxane elastomer (Shin-Etsu Silicones, KER-4690 A/B)
was provided by the manufacturer as a two-part precursor and was used in the recommended 1:1
ratio. After a 2 minute mixing cycle in a planetary centrifugal mixer (Thinky, ThinkyMixer ARE-
300) at 2000 RPM, the precursor was used without further preparation and was cured via 365 nm
UV light at a dose of tomI¥cm ™ for a period of 30 minutes, followed by an overnight bake at 65 °C.
Prior to further printing, the PDMS was treated with an oxygen plasma (SPI Supplies, Plasma Prep

II) at an O2 pressure of 18 psi, vacuum pressure of 275 mTorr, and RF power of 8o W for 6o sec.

A.2.2 PREPARATION OF THE HYDROGEL PRECURSOR

The precursor used in the printing process consisted of two components: the rheological modi-

fier and the hydrogel component. The rheological modifier consisted of an un-crosslinked PAAm
solution made by UV exposing an acrylamide (AAm, Sigma-Aldrich, A8887) solution containing
a-ketoglutaric acid (a-keto, Sigma-Aldrich, ) and N,N,N’,N’-tetramethylethylenediamine (TEMED,
Sigma-Aldrich, T7024) at 25°C with the following ratios (w/w): 92.17% deionized water (resistiv-

ity =18.2 MQ cm), 7.37% AAm, 0.00044% a-keto, 0.00021% TEMED. The hydrogel component
consisted of AAm, a-keto, TEMED, lithium chloride (LiCl, Sigma-Aldrich, 746460), and N,N’-
methylenebis(acrylamide) (MBAA, Sigma-Aldrich, 146072). This component was added to the un-
crosslinked PAAm solution and mixed using a planetary centrifugal mixer (Thinky, ThinkyMixer
ARE-300) at 2000 RPM. Final precursor composition ratios (w/w) were: 63.15% deionized water,

3.86% PAAm, 9.05% AAm, 18.43% LiCl, 0.072% MBAA, 4.95% a-Keto, 0.479% TEMED.

95



A>3 RHEOLOGICAL CHARACTERIZATION

All rheological measurements were made using a TA Instruments Discovery HR-3 Hybrid Rheome-
ter with a cone and plate geometry at a reference temperature of 25°C. Oscillatory rheometry was
performed on the PAAm/LiCl portion of the hydrogel precursor using a frequency of 1 Hz and
sweeping shear stresses from 1-500 Pa. Viscometry was also performed with shear rates ranging from

0.0I—-1I00 S§-1.

A.2.4 DEVICE FABRICATION

PDMS and hydrogel precursors were directly printed onto a UV-resistant acrylic substrate (6.35mm
thickness, McMaster-Carr) rinsed with DI water followed by isopropanol and blown dry with ni-
trogen. A CNC milling machine (Sherline Products, s400) was used as a positioning stage, upon
which independent linear actuators (Zaber Technologies, T-LA6oA) were mounted onto the z-
axis of the stage as syringe pumps. Syringes (s ml, Hapool Medical Technology Co) contained the
precursors and were extruded through a 23 gauge blunted syringe tip (0.337mm ID, SAI Infusion
Technologies). A displacement rate was prescribed to the actuators and the requisite extrusion force
was applied to the syringe end. A steady flow of dry nitrogen piped through a saturated potassium
carbonate (Sigma Aldrich) solution was used to purge the printing area of oxygen during the print-
ing process and simultaneously fix the relative humidity. A 6 W UV LED (Instun, SK66) was used
to initiate curing of the ink as it is extruded from the syringe at a dose rate of & 3mI¥cm™>. Printed
samples were then flood exposed to UV using an 817, 365nm UV Lamp (UVP, UVLS-28 EL) in

a nitrogen environment at an effective dose rate of =~ 6mIWem™*. Devices began with a printed
PDMS layer that was fully cured and baked, as previously described. Prior to additional printing,
the PDMS was treated with O, plasma and stored in DI water until immediately prior to the print-

ing in order to preserve the hydroxyl groups on the PDMS surface. While this plasma treatment
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process is incompatible with hydrogels already present on the PDMS due to vacuum requirements,
a UV-Ozone treatment may be substituted to achieve the same effect at a slower rate while maintain-
ing hydrogel integrity[59]. After subsequent hydrogel and PDMS layers were printed, the device
was exposed to the flood UV lamp. Since the curing of PDMS has been observed to be inhibited by
contact with the hydrogel precursor, the printed device was baked at 65°C for 6 hours to drive the
PDMS curing process to completion, followed by a DI water soak of 1 hour to rehydrate the hydro-

gel from the oven bake.

A.2.5 SAMPLE CHARACTERIZATION

Cross-sectional images and measurements were made using a Coherence Correlation Interferometry
(CCI) optical profiler (Taylor Hobson, CCI HD) with sx and 20x objective lenses. DC electrical
measurements were made using multimeters (Fluke, models 8846A and 175). A DC power supply
(Dr.Meter, PS-30sDM) was used to generate the current used in the four-point probe measurement.
For the AC characterization, a waveform generator (Keysight, 33500B) and oscilloscope (Keysight,
DSO-1004A) with passive probes (Keysight, N2862B) were used. Uniaxial tensile testing, for both
stress-strain and fatigue experiments, was performed on a uniaxial tensile tester (Instron, 3342 Single
Column UTSYS) using a strain rate of 5o mm min-1. For the fatigue experiments, a maximum strain
of 20% was used. All PDMS-hydrogel samples were gripped using rubber-coated tensile grips in a
region containing only PDMS. Stretch was calculated from the crosshead displacement rate and the

initial gauge length of the samples.
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A.3 CHAPTER 3:ADHESION BETWEEN HYDROPHOBIC ELASTOMER AND HYDROGEL THROUGH

HYDROPHILIC MODIFICATION AND INTERFACIAL SEGREGATION

A1 PrerarAaTION OF PDMS:

Sylgard 184 (Dow Corning) was mixed at the prescribed 1o:1 ratio and cast into a 20mm x 20omm
x 1.6mm acrylic mold, followed by degassing for 1 hour at 70 kPa vacaum. The degassed PDMS
was then sealed by applying pressure with another acrylic plate and cured in an oven at 65°C for
24-hours. The PDMS is either used immediately following removal from the mold or undergoes
further surface treatment. Prior to surface treatment the PDMS was rinsed with DI Water and iso-
propyl alcohol, and then dried with nitrogen. The PDMS is then treated with oxygen plasma (SPI
Supplies, Plasma Prep II) at an Oz Pressure of 18 psi, vacuum chamber pressure of 275 mTorr, and
RF power of 8o W for 6o seconds. After treatment, the PDMS is immediately placed in DI water

for transport and dried with N2 prior to use.

A.}.Z PREPARATION OF HYDROGEL:

The PDMS segments are placed within a segmented acrylic mold to allow for hydrogel precursor to
be cast directly onto the PDMS surface and cured while in direct contact; the mold may then be sep-
arated horizontally and removed such that the PDMS-Hydrogel interface is maintained (Figure 3.4
A,B). The hydrogel precursor consisted of acrylamide (AAm, Sigma-Aldrich, A8887), a-ketoglutaric
acid (a-keto, Sigma-Aldrich), N,N,N’,N’-tetramethylethylenediamine (TEMED, Sigma-Aldrich,
T7024), N,N’-methylenebis(acrylamide) (MBAA, Sigma-Aldrich, 146072), and lithium chloride
(LiCl, Sigma-Aldrich, 746460) dissolved in either DI water or a polyacrylamide (PAAm) solution.
Mixing was performed using a planetary centrifugal mixer (Thinky, ThinkyMixer ARE-300). The

PAAm solution was synthesized by UV exposing a solution containing AAm, a-keto, TEMED at
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a dose rate of 1.2mIV/cm* at 36snm for 18 hrs at 25 deg C. The PAAm solution precursor used a
mass ratio of 94.23% deionized water (resistivity = 18.244Qcm), 5.60% AAm, 0.1203% o-keto, and
0.05311% TEMED. The hydrogel precursor final mass ratios were: 63.37% DI water, 3.623% PAAm,
9.88% AAm, 23.036% LiCl, 0.02635% MBAA, 0.0461% a-keto, and o.0171% TEMED. In the cases
where no rheological modifier was introduced, the precursor used the mass ratios: 66.12% DI Water,
9.54% AAm, 24.25% LiCl, 0.02774% MBAA, 0.0485% a-keto, and 0.0180% TEMED. All hydro-
gel precursors were exposed to a 15 W bench UV Lamp (XX-15, UVP), at a distance of 1 yielding
an average dose rate of 3omM cm™* at 36snm for 45 minutes. Bilayer shear debonding test samples
were made using the same methods, except with the additional step of adhering the hydrogel to an

acrylic sheet using a thin layer of cyanoacrylate adhesive (Krazy Glue).

A.33 CONTACT ANGLE MEASUREMENT:

Measurements were made using a commercial contact angle measurement system (First Ten Angstroms,
FTAu3s) to assist with image capture. Images were then manually processed to obtain the contact

angle. Each measurement utilized a single 10 uL drop of DI Water on a previously untested sample
surface and was performed after a delay of 20 seconds in order to allow wetting to stabilize. Un-

treated PDMS was used as a control and a treated PDMS surface was either exposed to atmosphere

or made contact with a hydrogel using the segmented mold method described in the “Preparation of
hydrogel” section. All samples were stored under a relative humidity of 47%. Due to residue from

the hydrogel, PDMS samples kept in contact with a hydrogel were rinsed under DI water for 30

seconds and dried under Nz for 30 seconds prior to contact angle measurements. At least five mea-
surements were made for each condition, and all measurements for the same condition were made

within a single five-minute interval.
g
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A.3.4 MEecHANICAL CHARACTERIZATIONS:

Peeling tests were performed on a dual column mechanical tester (Instron, 5966), with 10N load cell
(Instron, 2530-428) and 90°-peel test fixture (Instron, 2820-035) at a constant displacement rate of
somm min~"'. The PDMS portion of the sample was peeled off the hydrogel, with the latter physi-
cally attached to a glass substrate during curing. Since the PDMS formulation used in this study is

relatively stiff with a Young’s modulus of 1-3 MPa**?

, a backing layer for the PDMS was not neces-
sary to prevent excessive strains under load. All samples were fabricated to be 1.6 mm x 20 mm x 200
mm per material layer and stacked to form a 3.2 mm thick bilayer. A 2mm hole was punched into
one end of the PDMS to allow for cotton twine to be fed through and thus extend the distance be-
tween sample and load cell to minimize the effect of misalignment. Samples were first aligned and
then a small initial crack (2 mm) at the front of sample was made. Peeling was then performed for
the remainder of the sample and the interfacial adhesion energy, I, was extracted from the steady-
state region of the peeling force. Tensile testing of bulk hydrogel samples used the same mechanical
testframe with a 500 N load cell (Instron, 2530-500N). Samples for this condition were cast into
acrylic molds with a dog-bone geometry (Figure A.2). All samples were tested with a 1500mm min™"
displacement rate, were deformed to 300% stretch (15somm), and held for 5 min (Figure 3.7). Bilayer

shear-debonding tests were completed on a mechanical testframe (Instron, 3342 Single Column

UTS) with a soN load cell (Instron, 2519-50N) at a displacement rate of 1o mm min-1.

A3.5 CoNrFocAL IMAGING:

Fluorescence confocal imaging was used to track the distribution of the rheological modifier within
the hydrogel-PDMS bilayer. Imaging was performed on a confocal microscope (Leica Microsys-
tem, TCS SPs) with a 10X dry objective and an Argon laser excitation at 488nm. Image acquisitions

of 258 um x 258 um were made along the z-axis in 1 um steps. Image]J software was used in the 3D
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Figure A.2: Dogbone geometry used for stress relaxation hydrogels tests. All units in mm.

reconstruction of the imaging data. The fluorescently-tagged un-crosslinked PAAm solution was
prepared by making a separate instance of the PAAm solution precursor that substituted 10 wt%

of the AAm with 10 wt% of Fluorescein o-acrylate (FOA, Sigma-Aldrich, 568856) and resulted in
FOA copolymerized within the PAAm chains. This tagged-PAAm was mixed with untagged PAAm
solution at a ratio of 1:9, and the resulting solution was integrated with the hydrogel precursor as de-
scribed previously in “Preparation of hydrogel”. All other sample preparation steps were otherwise

identical.
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A.4 CHAPTER 4: EXPLORING HYDROGEL-ELASTOMER ADHESION ENHANCEMENT MECH-

ANISMS

A.41 PREPARATION OF POLYDIMETHYLSILOXANE (PDMS):

THERMAL-CURING PDMS

The Sylgard 184 (Dow Corning) silicone elastomer kit, consisting of a two-part precursor for base
and curing-agent, was used as provided. The base was prepared by first mixing in varying amounts
of Brij®L23 (Sigma Aldrich, P1254) and triethoxyvinylsilane (TEOVS, Sigma Aldrich, 175560) via
planetary centrifugal mixer (Thinky, ThinkyMixer ARE-300) for 10 minutes at 2000 RPM. The
resulting mixture was then allowed to cool for 1o minutes prior to mixing with the curing agent at
the prescribed 10:1 ratio for 9o seconds at 2000 RPM. TEOVS content was fixed to 2% w/w relative
to the net weight of base and curing agent. Brij®L23 was varied as a weight percentage of the net
weight of base and curing agent. Casting was performed using a 20mm x 7omm x 1.6mm acrylic
mold, followed by degassing for 30 minutes at 70 kPa vacuum. The degassed PDMS was then sealed

by applying pressure with a glass plate and cured at 65° Cfor 18 hours.

UV-CuraBLE PDMS

A UV curable formulation of PDMS elastomer (Shin-Etsu Silicones, KER-4690 A/B) was provided
by the manufacturer as a two-part precursor and was used in the recommended r:1 ratio. Part A was
first mixed with Brij®L23 and TEOVS for 10 minutes at 2000 RPM, as described for thermal-curing
PDMS, then allowed to cool for 10 minutes. The resulting mixture was then mixed with part B for

90 seconds at 2000 RPM and used for extrusion printing immediately. Extrusion printing involved
nozzle extrusion and exposure to 36snm UV at a dose rate of s mI¥cm™* . Material was flood cured

via 365 nm UV light at a dose of 35 m ¥ cm™? for a period of 9o minutes and baked at 65° Cfor 18
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hours.

A.4.2 DPREPARATION OF HYDROGEL:

The PDMS segments are placed within an acrylic mold to allow for hydrogel precursor to be cast di-
rectly onto the PDMS surface and cured while in direct contact (sans-PDMS where specified). Pres-
sure must be applied directly to the PDMS during mold removal to maintain interface integrity for
testing. The hydrogel precursor consisted of acrylamide (AAm, Sigma-Aldrich, A8887), 2-Hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, Sigma-Aldrich, 410896), N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma-Aldrich, T7024), N,N’-methylenebis(acrylamide)
(MBAA, Sigma-Aldrich, 146072), 3-(trimethoxysilyl)propylmethacrylate (TMSPMA, Sigma Aldrich,
440159), Acetic Acid (Sigma Aldrich, A6283) and lithium chloride (LiCl, Sigma-Aldrich, 62476)
dissolved in either DI water or a polyacrylamide (PAAm) solution. Irgacure 2959 was dissolved in
ethanol (459836, Sigma Aldrich) to facilitate dissolution and transfer. TMSPMA concentration is
specified in this study as a volume concentration relative to the rheological modifier solution (or DI
water) volume. Mixing was performed using planetary centrifugal mixer (Thinky, ThinkyMixer
ARE-300). The PAAm solution was synthesized by UV exposing a solution containing AAm and
Irgacure 2959 at a dose rate of 35 mI¥cm™* at 365 nm for so minutes. The PAAm solution precursor
used a mass ratio of 92.52% deionized water (resistivity = 18.2 MQ cm), 7.402% AAm, 0.002075%
Irgacure 2959, 0.07302% ethanol. The hydrogel precursor final mass ratios with PAAm rheological
modifier and [TMSPMA] = 30.4 uL/mL were: 62.67% DI water, 4.891% PAAm, 9.172% AAm,
21.30% LiCl, 0.01834% MBAA, 0.002742% Irgacure 2959, 1.9417% TMSPMA, and 0.0037% acetic
acid. All hydrogel precursors were exposed to a 15 W bench UV Lamp (XX-15, UVP), at a distance of

1 cm yielding an average dose rate of 30 m W em™* at 365 nm for so minutes.
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A.43 PDMS-HYDROGEL BILAYER PREPARATION:

For cast experiments, hydrogel precursor was placed in contact with pre-cured PDMS segments
within an acrylic mold and subsequently sealed within a polypropylene container. The container
was then purged with Nitrogen gas bubbled through a saturated salt solution of potassium carbon-
ate, yielding a relative humidity (RH) of 43%; this step displaces oxygen but maintain a stable RH
for successful free radical polymerization of the hydrogel. The hydrogel precursor was then cured
via UV exposure while in contact with a glass plate, which leads to the adhesion of the glass to the
hydrogel without additional modifications. Afterwards, the bilayers were baked in an oven at 65°C
for 24 hours prior to testing. Printed bilayers underwent similar steps, though casting was replaced
by extrusion printing for both PDMS and hydrogel by the customized milling machine described

in %4,

A.4.4 MEcHANICAL CHARACTERIZATIONS:

Peeling tests were performed on a dual column mechanical tester (Instron, 5966), with 100N load
cell (Instron, 2530-100N) and 9o-degree peel test fixture (Instron, 2820-035) at a constant displace-
ment rate of so mmmin~"'. The PDMS portion of the sample was peeled off the hydrogel, with the
latter attached to a glass substrate during curing due to silane condensation. Since the PDMS for-
mulation used in this study is relatively stiff with a Young’s modulus of 1-3 MPa?**°, a backing layer
for the PDMS was not necessary to prevent excessive strains under load. All cast samples were fabri-
cated to be 1.6 mm x 20 mm x 70 mm per material layer and stacked to form a 3.2 mm thick bilayer.
A small mechanical clamp was fixed onto one end of the PDMS that allowed for cotton twine to

be fed through and thus extend the distance between sample and load cell to minimize the effect of
misalignment. Samples were first aligned and then a small initial crack (5 mm) at the front of sample

was made. Peeling was then performed for the remainder of the sample and the interfacial adhesion
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energy, I, was extracted from the steady-state region of the peeling force.
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